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Abstract: 

Solid polymer electrolytes have the potential to enable safer and more energy dense batteries; however, 
a deeper understanding of their ion conduction mechanisms, and how they can be optimized by rational 
molecular design, is needed to realize this goal. Here, we investigate the impact of anion dissociation 
energy on ion conduction in solid polymer electrolytes via a novel class of ionenes prepared using acyclic 
diene metathesis polymerization of highly dissociative, liquid crystalline fluorinated aryl sulfonimide-
tagged ("FAST”) anion monomers. These polyanions with various cations (Li+, Na+, K+, and Cs+) form well-
ordered lamellae that are thermally stable up to 180 °C and feature domain spacings that correlate with 
cation size, providing channels lined with dissociative FAST anions. Electrochemical impedance 
spectroscopy (EIS) and differential scanning calorimetry (DSC) experiments, along with nudged elastic 
band (NEB) calculations, suggest that cation motion in these materials operates via an ion hopping 
mechanism. The activation energy for Li+ conduction is 59 kJ/mol, which is amongst the lowest for systems 
that are proposed to operate via an ion conduction mechanism that is decoupling from polymer segmental 
motion. Moreover, the addition of a 1 equivalent of a cation-coordinating solvent to these materials led 
to a >1000-fold increase in ionic conductivity without detectable disruption of the lamellar structure, 
suggestion selective solvation of the lamellar ion channels. This work demonstrates that molecular design 
can facilitate controlled formation of dissociative anionic channels that translate to significant 
enhancements in ion conduction in solid polymer electrolytes. 
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Introduction. Solid polymer electrolytes (SPEs) have been studied since the early 1980s as a promising 

alternative to conventional liquid electrolytes for next-generation batteries.1,2 SPEs composed of high 

molecular weight polymers (typically > 5,000 g/mol) have nearly zero vapor pressure and much higher 

autoignition points than common liquid electrolytes, rendering them potentially safer.2 A sub-class of solid 

polymer electrolytes referred to as single ion conducting (SIC) polymers feature anionic groups within the 

polymer sidechains (i.e., ionomers) or backbones (i.e., ionenes).3 SIC SPEs often display higher cation 

transference numbers (the fraction of charge carried by the cations), than conventional SPEs, which can 

increase battery power,4,5 and suppress dendrite growth.6  Nevertheless, dry SIC SPEs typically show low 

ionic conductivities due to their large energy barriers for polymer segmental motion and/or cation 

dissociation. As a result, liquid solvents7,8 or poly(ethylene oxide) (PEO)9,10 are often incorporated into SIC 

polymers to facilitate ion conduction via cation solvation, though such strategies remain limited by 

inherently slow polymer segmental relaxation (in the case of PEO blending)11 or they may reduce 

electrolyte stability/safety  (in the case of solvent addition).3,12  

Inspired by the high ionic conductivities of solid ceramic ion conductors such as the Lithium Super Ionic 

Conductor (LISICON) family,13 recent SPE designs have sought to exploit an “ion-hopping” or “decoupled” 

mechanism, wherein cations move between relatively stationary anionic sites at rates that are decoupled 

from polymer segmental relaxation,11 the latter of which is inherently unable to provide cation mobility 

on par with ceramics and liquids.14 Decoupled ion conduction is thought to be favored in materials that 

possess crystalline and/or highly-ordered, rigid anionic channels. For example, Winey and coworkers have 

suggested that decoupled ion transport occurs in SICs derived from carboxylate- or sulfonate-terminated 

alkanes that form lamellar and hexagonal phases (Figure 1A, 1 and 2), respectively, driven by the 

crystallization of their long alkyl segments.15,16 Sidechain-functionalized polymers with percolated ionic 

aggregates (3),17 mesogenic sidechains that promoted nanoscale ordering (4),18 or precisely placed 

dissociative ions (5)19 have also been proposed to leverage decoupled ion conduction.17,19,20 Nevertheless, 

the ion conductivities in the dry state for these materials are either low (much lower than traditional SPEs) 

or not reported; new design strategies are needed to facilitate cation mobility in crystalline, polyanion-

based materials. 

The previously reported decoupled SPEs tend to use anionic groups (e.g., carboxylates and sulfonates) 

that are more Lewis basic, i.e., less dissociative, than common anions used in battery electrolytes such as 

bis(trifluoromethanesulfonyl)imide (TFSI, 7).21 Even when softer, more dissociative anions such as 

sulfonimides are employed for polyanion designs, the linkers required to conjugate these anions to 



polymers tends to involve replacing at least one strongly electron withdrawing group, e.g., CF3, with alkyl 

or aryl substituents, which leads to comparably more Lewis basic anions (e.g., 5 and 6).9,19 We 

hypothesized that the cation-anion association energy, i.e., the energy required to remove a cation from 

its corresponding anion, may be a useful descriptor to guide SPE design, as cation hopping requires 

dissociation from the polymer backbone and movement to an adjacent anionic site. To quantify the 

impacts of anion choice, we used density functional theory (DFT) calculations to compare the association 

energies of a Li+ cation and various small-molecule analogs of commonly employed polyanions in implicit 

N,N-dimethylformamide (DMF) solvent (Figure 1B and Figure S1). As expected, the carboxylate and 

sulfonate anions (analogous to 1-4) have the most negative (i.e., more favorable) association energies, 

and thus they are the least dissociative. Similarly, while sulfonimide derivatives analogous to 5 and 6 are 

indeed more dissociative than 1–4, their electron rich substituents make them less dissociative than TFSI 

(7).  

Guided by the hypothesis than lowering anion dissociation energy may lower the barrier to ion hopping 

in SPEs, we set out to design a new class of highly ordered, ionenes22 with chemically tunable and 

dissociative anionic backbones derived from bis-pentafluorophenyl sulfonimide anions (“FAST-C”, Figure 

1C).23 Due to its strongly electron withdrawing pentafluorophenyl substituents, FAST-C features an 

association energy (−82 kJ/mol) more similar to that of TFSI (7) (−84 kJ/mol) than 1–6. Moreover, 

nucleophilic aromatic substitution (SNAr) of the para-positions of FAST-C with thiols is expected to have a 

minimal effect on its association energy (the Hammett parameters for para-thioether and para-fluorine 

are both ~0).24  

Single-crystal X-ray structural analysis of the FAST-C Na+ salt (Figure 1D) shows that it forms channels lined 

with anionic sulfonamides filled with Na+ cations in the solid state, which could facilitate ion hopping if 

translated to SPEs. Guided by these considerations we targeted an ionene structure in which FAST-C 

anions are evenly spaced within a poly-alkenyl backbone to promote formation of ionic channels. We 

report here the synthesis of a new class of highly dissociative ionene SPEs—pFAST-C20-M (where is M = 

Li+, Na+, K+, or Cs+)—prepared from acyclic diene metathesis (ADMET) polymerization of liquid-crystalline, 

-alkenyl-terminated, thioether functionalized monomer FAST-C20. PFAST-C20-M polymers display 

semicrystalline, lamellar solid-state structures with cation-size-dependent channels lined with FAST-C-

based anions. These materials display record low activation energies and amongst the highest overall ionic 

conductivities for ordered, solvent-free polyanion SPEs. Moreover, the addition of 25 wt. % (1 equiv to 

cation) of a cation-coordinating solvent (tetraglyme) boosted ionic conductivity in these materials by 3 



orders-of-magnitude without disrupting their semicrystalline lamellar morphology. These results should 

drive the development of novel ionenes and related SPEs based on highly dissociative anions, which may 

contribute to the realization of optimal decoupled SIC SPEs in the future.  

 

Figure 1. A) Structures of reported SPEs proposed to operate via decoupled ion transport. The portions highlighted 
in blue indicate the fragments that were used for DFT calculations. B) Association energies, as calculated by DFT, for 
model anions based on reported SPEs (1–6) for comparison to TFSI and FAST-C anions. Here, a less negative value 
indicates a less stable salt complex, i.e., a greater extent of dissociation. (* = implicit solvent) C) Installation of 
terminal alkenes onto FAST-C via SNAr enabled polymerization via ADMET to form a family of ionenes pFAST-C20-M 
with different cations M. The polymer structure is designed to promote the formation of highly ordered channels 



for ion hopping.  D) Single crystal X-ray diffraction structure for the FAST-C Na+ salt, highlighting the layers of sodium 
cations and anionic channels. The para-fluorine atoms, which are linked together through alkenyl chains in pFAST-
C20-M polymers, are aligned in parallel. Here a ball and stick model is used; see Figure S2 for the structure shown 
as thermal ellipsoids. 

 

 

Results and Discussion 

Design and synthesis of FAST-C20 monomer. We targeted monomer FAST-C20 (Figure 2A), which 

features (1) two alkene substituents for polymerization via ADMET; (2) long alkenyl chains to drive 

polymer crystallization;25,26 and (3) highly dissociative thioether-linked FAST-C anions.24 Heating FAST-C (1 

equiv) and 10-undecene-1-thiol (2.2 equiv) at 80 °C in the presence of triethylamine (4 equiv) for 12 h 

provided FAST-C20 as a waxy solid in 62% isolated yield on the 5 g scale following purification (Figure 2A, 

see supporting information for full synthetic details). 19F NMR spectroscopy (Figure 2B) supported the 

symmetrical structure of FAST-C20, showing 2 peaks corresponding to the 2 sets of 4 equivalent F atoms 

on each side of the FAST anion, in contrast to the 3 distinct sets of F atoms on FAST-C. Variable-

temperature small angle X-ray scattering (VT-SAXS) was used to investigate the bulk structure of FAST-

C20 (Figure 2C). At room temperature, a broad feature located at q = 0.15 Å-1 was observed along with 

higher order reflections located at 2q, 3q, and 4q (Figure S4), which are indicative of a lamellar structure 

with a d-spacing of 𝑑𝑑 = 2𝜋𝜋 𝑞𝑞� = 41.9 Å. Upon heating to 80 °C, a series of peaks assigned to a face 

centered cubic (FCC) structure was observed with the lattice parameter a = 61.86 Å (Figure S5). We 

hypothesize that the molecules form conic sections or wedges, which self-assemble into micellar 

structures on an FCC lattice.27–29 Further heating to 130 °C gave overlapping broad and sharp peaks with 

a domain spacing of 29.9 Å, suggesting a mixture of ordered and isotropic/disordered morphologies; 

further heating to 180 °C produced only a broad peak at d = 28.55 Å indicative of an isotropic/disordered 

phase.  



 

Figure 2. A) Scheme depicting the synthesis of monomer FAST-C20. B) 19F Nuclear Magnetic Resonance (NMR) 
comparing FAST-C to FAST-C20. C). Small Angle X-Ray scattering (SAXS) showing the multiple ordered phases present 
for bulk FAST-C20. Peak patterns at 25, 80, and 180 °C were used to assign the phases as lamellar (Lam), face 
centered cubic (FCC), and disordered (isotropic) (Dis) respectively. The small peak at ~.4 Å-1 labeled with * is due to 
the Kapton window used during data acquisition. D and E) Polarized optical microscopy (POM) images of FAST-C20, 
showing the different liquid crystalline phases present. At 110 °C the appearance of bâtonnets indicates the 
nucleation of a smectic A (lamellar) phase from the disordered (isotropic) phase. As the temperature decreases to 
90 °C the appearance of dark domains amongst the lamellar phase corresponds to the FCC phase identified by SAXS. 

 

These results are consistent with FAST-C20 behaving as a liquid crystal, which was further supported by 

polarized optical microscopy (POM, Figure 2D, E). At 110 °C (Figure 2D), which lies between the ordered 

FCC (80 °C) and mixed phases (130 °C) observed by SAXS, the nucleation of bâtonnets directly from the 



isotropic phase, characteristic of a smectic A (SmA) liquid crystalline phase was observed.30 The latter 

suggests that FAST-C20 molecules are oriented in the same direction, with their long axis perpendicular 

to the layers. Upon cooling to 90 °C, dark domains appeared (Figure 2E) were assigned to FCC domains 

observed by SAXS, which are rotationally isotropic and, thus, inherently not birefringent. Upon cooling to 

80 °C, most of the SmA phase receded and the POM textures appeared dark. Finally, the appearance of a 

second smectic phase was observed upon further cooling to 65 °C (Figure S6). As the two aryl rings form 

a hairpin in the FAST-C single crystal structure (Figure 1D), we propose that the internal angle between 

the two aryl rings can increase as a function of temperature resulting in the variety of liquid crystalline 

phases (Figure S7). Altogether, these POM results agree well with the VT-SAXS data, which suggest that 

FAST-C20 has a high propensity to form ordered structures through nanoscale phase separation of its 

ionic and hydrocarbon segments, as observed for ionic liquid crystals.31   

ADMET polymerization of FAST-C20 and cation exchange to provide a family of dissociative ionenes—

pFAST-C20-M (where M = Na+, Li+, K+, and Cs+). Next, we focused on the polymerization of FAST-C20 via 

ADMET. Initially, we explored common conditions for ADMET of non-ionic monomers, which involved 

refluxing a mixture of FAST-C20 and Grubbs 1st-generation catalyst (1 mol %) in dichloromethane under 

nitrogen flow to remove ethylene; 32 however, poor solubility of the growing polymers in dichloromethane 

led to poor/inconsistent conversions. By contrast, conducting the polymerization in propylene carbonate 

and under vacuum (150 mTorr) to remove ethylene (Figure 3A) ensured solubility of the oligomeric 

intermediates and polymer products gave consistently high monomer conversions as determine by 1H 

NMR (see supporting information for full details).33 Upon quenching the reaction by addition of excess 

ethyl vinyl ether, the ionene product “pFAST-C20-Na” was isolated by precipitation into diethyl ether, 

filtration, and drying under vacuum at 180 °C for 12 hours. The number-average degree of polymerization, 

Nn, number-average molar mass, Mn, and cis/trans ratio of backbone alkenes of pFAST-C20-Na were 

estimated by 1H NMR integration to be ~130, ~106 kDa, and 1:1.4, respectively (Figure 3B); the former 

values assume negligible cyclization. Additionally, no significant change was observed in the 19F NMR 

spectra, indicating preservation of the tetrafluorinated aryl substituents (Figure S32). Size exclusion 

chromatography yielded a dispersity, Đ, of ~ 2, which is consistent with the step-growth nature of ADMET 

(Figure S39). Washing aliquots of pFAST-C20-Na with 1 M aqueous solutions of LiCl, KCl, or CsCl provided 

the Li+, K+, and Cs+ analogs pFAST-C20-Li, pFAST-C20-K, and pFAST-C20-Cs, respectively, as confirmed by 
7Li,23Na, and 133Cs NMR, where appropriate (Figure S8). The cation exchanged ionenes were lyophilized to 

yield dry fluffy powders that were used for further study. 



 

Figure 3.  A) Synthesis of pFAST-C20-Na via ADMET polymerization of FAST-C20. The terminal protons of the FAST-
C20 (labeled as a, b, and b’) become end groups (labeled as a*, b*, b’*) and internal alkenes (labeled c) in pFAST-
C20-Na; integration of these peaks enables calculation of the number-average degree of polymerization and molar 
mass (neglecting cyclization). B) 1H NMR spectra for FAST-C20 (top) and pFAST-C20-Na (bottom) showing the 
relevant alkene resonances. The internal olefin (labeled as c) shows a mixture of trans and cis isomers as is expected 
for ADMET polymerization using Grubbs 1st-generation catalyst.34 (600 MHz acetone-d6, 25 °C). 

 

 

Solid-state structural and thermal characterization of pFAST-C20-M polymers with various cations M. 

Films of each ionene were prepared by drop-casting from dilute solutions in DMF and drying under 

vacuum at 180 °C. VT-SAXS and VT-wide-angle X-ray scattering (VT-WAXS) (Figure 4A) curves displayed 

primary scattering peaks for each pFAST-C20-M polymer (q1) at ~.15-.19 Å-1 and higher-order reflections 



at 2q1 and/or 3q1, consistent with a lamellar structure. The room-temperature SAXS pattern for pFAST-

C20-Na showed a second peak, q2, with higher-order reflections, indicative of a second lamellar domain, 

which can be attributed to lamellae at a different tilt angle as has been observed in other systems.15 Peaks 

in the high q WAXS region (0.8-1.5 Å-1) were observed for each sample, which are indicative of backbone 

crystallinity. Notably, the WAXS peaks of orthorhombic8,16,26 or monoclinic polyethylene,35 often observed 

for polymers with long alkyl spacers, are not observed for any of the polymers studied here, which may 

be due to the presence of cis and trans olefins in the polymer backbones and/or the sterically bulky FAST 

anions. In the future, hydrogenation of the polymer backbone could potentially be used to test these 

hypotheses. 

Unlike monomer FAST-C20, which displayed multiple structural transitions as a function of temperature 

(Figure 2C), the lamellar morphology of each polymer was maintained up to at least 180 °C (Figure 4B, 

Figures S9–S12). pFAST-C20-Li was the only sample to show a significant change upon heating, displaying 

a shift to higher q and the emergence of a second set of peaks (q2) with d2 = 28.11 Å, indicative of a mixture 

of lamellar phases similar to those observed at room temperature for pFAST-C20-Na. These changes were 

reversible upon cooling to room temperature and waiting for ~5 days, suggesting that the single lamellar 

phase observed at room temperature is reasonably stable. 

 



 

Figure 4.  A and B) Reduced Small Angle X-Ray Scattering (SAXS) patterns of the 4 different variants of the pFAST-
C20-M ionenes (M = Li, Na, K, and Cs) at 25 °C and 180 °C, respectively. The traces are offset for clarity and plotted 
on a log-log scale with intensity (a.u.) versus the scattering vector q (Å-1).  C) Real space dimensions (d-spacings) of 
the lamellae for each ionene versus the corresponding Van der Waals (VDW) diameter of the cation. As the cation 
size increases so does the size of the lamellae. D) Illustration of hypothesized lamellar structure of pFAST-C20-M 
ionenes based on X-ray scattering information and the single-crystal X-ray structure of FAST-C shown in Figure 1D. 
Cations are represented as red tetrahedra. Anions are represented as blue hexagons. Alkyl spacers are represented 
as black chains.  

The d-spacings at room temperature and 180 °C for pFAST-C20-M increased with the Van der Waals 

diameters of the cations M (Figure 4C), which in consistent with a microstructure wherein the cations are 

sandwiched within anionic layers. The single-crystal X-ray structure of FAST-C (Figure 1D) similarly shows 

Na+ ions sandwiched between layers of FAST-C anions with the perfluoroaryl rings of the latter folded 

away from the ion channels in hairpin structures, where the para-fluorine substituents are nearly parallel 

to each other. Thus, we propose that the solid-state structures of pFAST-20C-M polymers consist of layers 

of cations coordinated to hairpin-folded FAST-C anions (Figure 4D), each of which are linked to an adjacent 

layer by their para-C20 alkenyl segments. To further support for this proposed structure, we prepared 



analogs of pFAST-C20-M with shorter, 10 carbon spacers between each anion (pFAST-C10-M), following 

similar procedures to those used above for pFAST-C20-Na. SAXS/WAXS characterization of pFAST-C10-M 

revealed similar lamellar structures compared to pFAST-C20-M, with d spacings that increase 

monotonically with the cation diameter (Figure S13). Notably, however, the pFAST-C10-M lamella were 

all ~10.5 Å smaller than the C20-M (Figure S14), regardless of cation size, supporting the notion that larger 

cations expand the ionic layers without impacting the alkenyl layers. Extrapolating these findings for 

pFAST-C20-Na and pFAST-C10-Na to a “zero carbon” spacer suggests that the ionic layers are ~13.1 Å 

thick, which agrees remarkably well with the observed distance—13.2 Å—between the para-carbon 

atoms of two FAST-C anions that span a single ionic layer in the crystal structure of FAST-C (Figure 1D; 

Figure S15).  

Differential scanning calorimetry (DSC) was used to further investigate the thermal transitions in pFAST-

C20-M (Table S1, Figure S15-S19). All of the ionenes, regardless of cation, showed endothermic transitions 

at >190 °C, which likely correlate to phase transitions in the lamellae or polymer backbone. In agreement 

with their VT-SAXS data, which displayed two sets of lamellae at 180 °C, pFAST-C20-Li and pFAST-C20-Na 

showed two endothermic transitions in the range of 180–260 °C. Additionally, glass transition 

temperatures were observed for pFAST-C20-Li and pFAST-C20-Na at ~ 100 °C, but were not detected for 

pFAST-C20-K and pFAST-C20-Cs, suggesting that the former may contain more amorphous domains in 

addition to the lamellae observed via SAXS. Finally, thermal gravimetric analysis (TGA) indicated that all 

of these ionenes were stable up to ~325 °C, with major degradation not occurring until >380 °C (Figure 

S20). Minimal (<4%) weight loss was observed before 325 °C, indicating the samples were dry.  

Ionic conductivity of pFAST-C20-M ionenes. Given that pFAST-C20-M formed lamellar structures with 

cations sandwiched between anionic channels that are stable at high temperatures, we sought to 

characterize their ion conductivity. Figure 5A shows measured ionic conductivities versus inverse 

temperatures for the 4 different pFAST-C20-M ionenes. The conductivities span from ~10-8–10-5 over the 

tested temperature range (80 to 180 °C, respectively) and are consistent and reversible over multiple 

cycles of heating and cooling between 80 and 180 °C (Figure S21; TableS1). While these conductivities are 

~2–3 orders-of-magnitude lower than optimized SPEs that depend on segmental motion (e.g., PEO-based 

SPEs), the observations of linear conductivity versus 1000/T profiles for 3 of the 4 ionenes (pFAST-C20-

Na, pFAST-C20-Li, and pFAST-C20-K) and reasonable conductivity well below Tm and Tg (including 

conductivity ~7–8 orders-of-magnitude greater that coupled SPEs at Tg) are consistent with a decoupled 



ion conduction mechanism for these samples.11 These data can thus be fitted with an Arrhenius equation 

of the form: 

Equation 1:  𝝈𝝈 =  𝝈𝝈𝟎𝟎 ∗ 𝒆𝒆𝒆𝒆𝒆𝒆(−𝑬𝑬𝒂𝒂 𝑹𝑹𝑹𝑹� ) 

Where Ea is the activation energy of ionic transport in kJ/mol, σ0 is a pre-exponential factor, R is the 

universal gas constant, and T is temperature (Figure S19). Interestingly, pFAST-C20-Li and pFAST-C20-Na 

were found to have similar activation energies of 59 and 60 kJ/mol, respectively. PFAST-C20-K displayed 

a higher activation energy of 70 kJ/mol, but overall greater ionic conductivity at all temperatures. While 

other works have suggested that larger, softer cations have lower activation energies for ionic 

transport,16,17 for pFAST-C20-M, confinement of the cations to the ionic channels may impede hopping of 

larger cations. We note that the curvature in the conductivity versus 1/T plot for pFAST-C20-Cs suggests 

that these data are better fitted with the Vogell-Fulcher-Tammann (VTF) equation that is typically used 

for coupled SPEs (see supporting information for details). Thus, we do not focus on this sample in the 

remaining discussion. 

 

Figure 5. A) Variable temperature ion conductivities of pFAST-C20-M ionenes with varied cations M. B) Comparisons 
of the activation energies and ionic conductivities at 150 °C for this work and reported solvent-free ionenes and 
ionomers (references 21–25) where Arrhenius activation energies are provided. Solid markers denote Li+ variants of 
the respective ionomer/ionene, while the hollow points include Na+, K+, and Cs+ variants. Detailed structures from 
each reference are provided in Figure S20. 

It is notable that the fitted Arrhenius activation energies for pFAST-C20-Li, pFAST-C20-Na, and pFAST-

C20-K are amongst the lowest reported for dry ionene/ionomer conductors that are proposed to operate 

via a decoupled ion conduction mechanism (Figure 5B; see Figure S22 for structures of each referenced 



example). Similar, the ionic conductivities at 150 °C for our ionenes are amongst the highest of related 

systems. We proposed that this performance is directly related to the highly dissociative FAST-C molecular 

structure (Figure 1), demonstrating that molecular design at the level of anionic substituents in ionene 

conductors may provide a path toward optimal SPEs in the future.   

Investigating the mechanism of ion conduction using nudged elastic band calculations. To gain further 

insight into the potential ion conduction mechanisms in these pFAST-C20-M ionenes, nudged elastic band 

(NEB) calculations were performed using the FAST-C crystal structure (Figure 1D) as a model and assuming 

that the ionic channels within bulk pFAST-C20-M ionenes have similar local structures (see supplementary 

section S3; Figures S25–29). Two ion-hopping mechanisms were explored: vacancy mediated and 

concerted. For the Li+ ionene, both mechanisms had similar calculated energy barriers (~68 kJ/mol) and 

agreed well with the experimentally measured activation energy (~60 kJ/mol), suggesting that either may 

be operative in pFAST-C20-Li. For Na+ and K+ ionenes, the vacancy-mediated mechanism gave significantly 

lower calculated energy barriers (~70 kJ/mol versus 112 kJ/mol for vacancy-mediated and concerted 

mechanisms for Na+, respectively), the former of which were consistent with the experimentally 

determined barriers of ~70 kJ/mol. These results suggest that stoichiometric imbalances, perhaps created 

at disordered interfaces or boundaries between crystalline domains as established for ceramic 

conductors,36–38 may be advantageous to ion conduction in these ionenes. NEB calculations also indicated 

that the highest energy structure for each ion-hopping trajectory corresponded with loss of an oxygen 

ligand from adjacent FAST-C anions (See S26–29), suggesting that further molecular engineering of the 

anion structure, perhaps via ortho-substitution to introduce additional weakly coordinating ligands, may 

provide a path toward even lower energy barriers. 

Selective cation solvation leads to significant ion conductivity improvement in ionene SPEs. Given the 

well-defined anionic channels in pFAST-C20-M, we wondered if it would be possible to add a small amount 

of cation-coordinating solvent to further increase conductivity through those channels without disrupting 

their overall lamellar structure.39 We were particularly inspired by Solvate Ionic liquids (SILs), which are a 

class of ionic liquids wherein strongly binding solvents form supramolecular solvent–cation complexes 

with virtually no “bulk” solvent.40 This unique structure facilitates anion dissociation and can lead to 

improved ionic conductivity, low vapor pressure, and excellent electrochemical stability.40,41 SIL formation 

requires highly dissociative anions such as TFSI; given the highly dissociative nature of FAST-C, and our 

previous finding that para-thioether-functionalized fluorinated aryl sulfonamide salts similar to FAST-C 



form SILs in the presence of 1 equiv tetraglyme (G4),24 we hypothesized that it may be possible facilitate 

the formation of SIL-like cation complexes within the channels of pFAST-C20-Li using G4 solvent.  

 

Figure 6. A) Ionic conductivities of pFAST-C20-Li and pFAST-C20-Li + G4 (1 equiv per cation). B) 1D SAXS and WAXS 
profiles pFAST-C20-Li and pFAST-C20-Li + G4, showing that the ordered lamellar structure is retained upon G4 
addition with slight changes in the shape of the primary peak q1 and in the high q region (>1.0 Å-1). C) DSC traces 
(from the second heating cycle) for pFAST-C20-Li and pFAST-C20-Li + G4.  

In support of our hypothesis, we observed significant increases in conductivity for pFAST-20-Li after 

exposure to 1 equiv of G4 (Figure 6a). For example, at 80 °C, the ionic conductivity of pFAST-20-Li + G4 

was ~3 orders-of-magnitude greater than dry pFAST-20-Li. Fitting the conductivity data (Figure S23; Table 

S2) for pFAST-20-Li + G4 revealed a similar activation energy but a ~1000-fold larger pre-factor compared 

to dry pFAST-20-Li, suggesting that solvation leads to a larger number of mobile cations. Notably, VT-SAXS 

and VT-WAXS analysis (Figure 6B; Figure S24) suggested that the G4-containing material maintained a 

highly ordered lamellar structure with scattering peaks at q1 = .166 Å-1, 2q1, and 3q1 till at least 100 °C. 

Moreover, the lamellar d-spacing for pFAST-20-Li + G4 (35.7 Å) was greater than that for dry pFAST-C20-

Li (33.4 Å) by 2.3 Å, which is within the expected size difference of reported Li+ coordinated by G4 or 

crown ethers compared to Li+ alone.42,43  DSC analysis (Figure 6C) showed Tg and Tm transitions for pFAST-

C20-Li + G4 that were >100 °C lower than for the dry ionene, indicative of plasticization, which is expected 

to increase ion conductivity. Finally, crystallization of G4 (Tc = − 9.4 °C)44 was not observed, suggesting 

that the presence of minimal bulk G4.  

Conclusions. Here, we introduce the concept of using highly dissociative, electron deficient anions as 

building blocks for ionene synthesis. Specifically, the symmetrical FAST-C anion that is highly dissociative, 

easily functionalizable via SNAr, and capable of forming channel structures in the solid state was leveraged 

to generate a new diene monomer FAST-C20 for ADMET polymerization. FAST-C20 showed a high 



propensity to self-assemble on its own, forming multiple different thermally responsive liquid crystalline 

phases. After polymerization, the resulting ionenes—pFAST-C20-M— form highly ordered lamellar bulk 

materials driven by Van der Waals interactions of the C20 linkers and aggregation of the anionic FAST-C 

domains. Due to their highly ordered structures and dissociative anions, pFAST-C20-M polymers display 

amongst the highest overall ionic conductivities and lowest activation energies for ion conduction 

reported for dry polymer electrolytes proposed to operate via cation hopping. Furthermore, we show that 

cation solvation can be achieved without significant disruption to the overall lamellar structure, resulting 

in a ~three orders-of-magnitude increase to ionic conductivity. This work suggests that anion molecular 

design may offer a path to further improve the performance of decoupled solid polymer electrolytes. 

Looking forward, inspiration can be drawn from the ceramic ion conductor field, where vacancy assisted 

diffusion plays a key role in ion conduction, and large gains in ionic conductivity can be achieved by 

aliovalent doping.45 Additionally, through future monomer designs, geometric connectivity and distances 

between anionic hopping sites can be tuned to further improve ionic conductivities and lower activation 

energies.13 We expect that novel, highly dissociative anionic building blocks will be key to these endeavors. 
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