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Abstract

Anionic polymerized ionic liquids (PILs) with a fixed sulfonylimide group have emerged as
promising materials for energy storage applications, electromechanical devices, and gas separation
membranes due to their highly delocalized anionic charges. However, synthetic challenges have
limited the production of high-purity poly(sulfonylimide)s at scale and hindered systematic
evaluation of their properties. We report a synthetic route for the production of high-purity
sulfonylimide monomers at > 10 g scales using a Sulfur(VI) Fluoride Exchange (SuFEx) click
reaction. Pendent sulfonylimide acrylate monomers with 1-ethyl-3-methylimidazolium
counterions were synthesized with perfluorinated side groups of different lengths and crosslinked
to form ionoelastomers. The networks were stretchable (= 120% strain at break), showed high
solvent-free ionic conductivity (> 3.8 x 10 mS/cm), and were hydrophobic with water contact
angles > 105°. The imidazolium counterions interact strongly with the perfluorinated side chains,
yielding non-monotonic trends in ionic conductivity and modulus relative to glass transition
temperature (7). Wide angle X-ray scattering (WAXS) and vibrational spectroscopies reveal that
shorter perfluorinated side groups promote cation dissociation, while longer chains cause ionic
aggregation. We expect that this SuFEx approach will expand access to next-generation
poly(sulfonylimide) electrolytes for a variety of applications, and here demonstrate its utility for
providing new insight into the molecular-level design of poly(sulfonylimide) ionoelastomers.



1. Introduction

Polymerized ionic liquids (PILs) consisting of one or more loosely coordinating ions
covalently linked to a polymeric backbone have gained significant attention over the last decade
for their high solvent-free ionic conductivities under ambient conditions and wide electrochemical
windows [1]-[3]. These properties have enabled PILs to be employed in various electronic
applications ranging from energy storage devices, such as batteries and supercapacitors, to
electromechanical devices such as low-voltage electroadhesives and actuators [4]-[7].
Furthermore, the high degree of chemical diversity among PILs allows for applications-driven
polymer design without the constraints associated with other ion-conducting polymer systems,
such as the need for solvent or specific ion-backbone interactions.

A wide range of approaches have been developed to synthesize diverse PILs. Particularly,
PILs with pendent charges have become popular because they allow for the use of well-established
polymerization chemistries, with charged functionalities added pre- or post-polymerization. The
decoupling of polymer and fixed ion chemistries affords pendent PILs a high degree of
customizability of backbone and IL properties while also allowing for copolymerization with
various charged, uncharged, or crosslinkable species [5], [8]-[10].

To date, the majority of pendent PILs have been polycationic, typically with a quaternized
ammonium, pyridinium, pyrrolidium, imidazolium, or phosphonium fixed ion and a bulky anionic
counterion such as bis(trifluoromethanesulfonyl)imide (TFSI). This chemical diversity has
allowed researchers to systematically tune cationic PIL physical properties such as hydrophilicity,
modulus, and ionic conductivity by adjusting fixed ion chemistry [1], [2]. In contrast, the choices
for polyanionic PILs are much more limited. The most readily available anionic PILs consist of

acrylic acid or sulfonate ions covalently linked to the polymer backbone. Acrylic acid and



sulfonate ions have a more localized charge than other weakly associating anions, meaning that
polymers containing these species typically exhibit greater hydrophilicity, higher glass transition
temperatures (7;), and lower solvent-free ion conductivity [11].

Macromolecules containing covalently linked sulfonylimide anions are of particular
interest as polyanionic PILs due to their more delocalized negative charge. Shaplov, et al.
pioneered sulfonylimide PIL synthesis by converting a monomeric sulfonate ion to a sulfonylimide
ion through a sulfonylchloride intermediate [11], [12] (Figure 1a), allowing for the incorporation
of sulfonylimide groups directly onto polymerizable vinyl [ 13], (meth)acrylate [6], [12], [14]-[18],
and stryrenic handles [19]-[23]. This synthetic approach has been adopted more recently for single
alkali-ion conducting polyelectrolytes [13]-[17], [19]-[21], [23]-[27], ion-mediated transistors
[28], and CO; separations membranes [29], [30]. Sulfonylimide-derived PILs tend to have higher
ionic conductivity values and lower glass transition temperatures than their analogous sulfonate
counterparts [14], [16], [31], [32]. Moreover, their hydrophobicity makes sulfonylimide PILs
relatively insensitive to changes in environmental humidity, a trait desirable for electronics used
in ambient conditions [12]. Despite their promise, the existing method to prepare such monomers
requires an inert atmosphere and leads to the presence of undesired side products that limit yields
and reduce monomer purities. These synthetic challenges have limited the production of
poly(sulfonylimide) PILs at scale and hindered systematic evaluation of their electronic and
mechanical properties.

Herein, we have developed an alternative route to synthesize these materials using Sulfur
(VI) Fluoride Exchange (SuFEXx) click chemistry to produce sulfonylimide monomers from their
parent sulfonate monomers. SUFEx click chemistry has recently received significant attention as a

robust approach for quantitative synthesis of small molecule and polymeric sulfonates and



sulfonamides under moderate conditions, with high purity and yields [33], [34]. Similarly, our
approach to pendent sulfonylimide synthesis shows lower sensitivity to air and moisture and yields
highly pure ionic liquid (IL) monomers at large scales (~10 g). Although we have recently
exploited sulfonylimide monomers prepared using this route in electroadhesive applications [35],
we have not previously described the method in detail, nor its extension to other monomers.
Pendent sulfonylimide acrylate monomers were synthesized with perfluorinated side
groups of different lengths (1-4 carbons) and I-ethyl-3-methylimidazolium ([EMIM]")
counterions. Monomers were then photopolymerized with a small amount (2 mol%) of
poly(ethylene glycol)diacrylate to produce loosely crosslinked ionoelastomer networks. The
resulting networks are stretchable (= 120% strain at break), show high solvent-free ionic
conductivity (> 3.8 x 10 mS/cm), and are hydrophobic with water contact angles > 105°.
Interestingly, we observe a non-monotonic trend in ionic conductivity and elastic and shear moduli
with respect to the glass transition temperature of the ionoelastomer networks. Wide angle X-ray
scattering (WAXS) and vibrational spectroscopies reveal this trend to be a balancing act of ionic
association and aggregation. Short perfluorinated side groups increase counter-ion dissociation
while limiting interactions with the polymer matrix, increasing ionic conductivity. Longer
perfluorinated side chains increase ionic aggregation, resulting in a steep reduction in ionic
conductivity and an increase in modulus. These findings provide a framework for the design of
poly(sulfonylimide) PILs and underscore SuFEx click chemistry as a facile synthetic tool for the

fabrication of a variety of poly(sulfonylimide) single-ion conductors.



2. Experimental

2.1 Materials

Potassium 3-sulfopropyl acrylate (KSPA), butylated hydroxytoluene (BHT), poly(ethylene
glycol) diacrylate (PEGDA, M, = 250 g/mol), phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide
(I-819), and all solvents were purchased from Sigma and used as received. Oxalyl chloride, sodium
chloride (NaCl), potassium bifluoride (KHF), sodium sulfate (Na,SO3), potassium carbonate
(K2CO:3), and calcium carbonate (CaCOs) were all purchased from Fisher and used as received.
Trifluormethanesulfonamide (25 g, >98.0%, TCI), pentafluoroethanesulfonamide (5 g, 99.9%,
Ambeed), perfluorobutanesulfonamide (25 g, 98%, 1PlusChem), and 1-ethyl-3-
methylimidazolium chloride ([EMIM][CI], 99.5%, lolitec Inc) were all used as received without

further purification.

2.2 Pendent Sulfonylimide Monomer Synthesis
2.2.1 Synthesis of 3-propylsulfonylchloride acrylate

The synthesis of 3-propylsulfonylchloride acrylate was conducted as described previously
[15]. Anhydrous dichloromethane (DCM) (120 mL) was charged in a flame-dried two-opening
Schlenk flask. The flask was purged with nitrogen gas (N2). The DCM was cooled to 0 °C and a
catalytic amount of dimethylformamide (DMF) (2 mL) was added dropwise. Oxalyl chloride (1.3
EQ, 9.5 mL) was added slowly to the reaction mixture. The mixture was brought to room
temperature and stirred for 30 min to form the chlorinating reagent. The flask was again cooled to
0 °C and KSPA (1 EQ, 20 g) was slowly added along with 100 ppm BHT (10 mg) as an inhibitor.
The reaction proceeded at room temperature overnight in the dark. Water was added to the flask

to quench the reaction. The DCM layer was separated and washed with water at least five times.



The organic layer was then washed with saturated NaCl solution (brine) two times and dried for
15 min with sodium sulfate. The DCM was then removed by rotary evaporation and dried under a
high vacuum for 15 min. The product 3-propylsulfonylchloride acrylate was a transparent, dark

yellow oil, and 16.94 g was recovered (yield: 93% by mole).

2.2.2 Synthesis of 3-propylsulfonylfluoride acrylate

Conversion of (3-propylsulfonylchloride) acrylate to (3-propylsulfonylfluoride) acrylate
was carried out as follows. KHF> (2 EQ, 12.4 g) was dissolved in water at its solubility limit (0.392
g/mL) in a plastic reaction vessel. The sulfonyl chloride was then dissolved in acetonitrile (AN)
(79.5 mL) to form a 1 M solution. The AN solution was added to the KHF, solution, and the
reaction was allowed to proceed for 4 hr at room temperature. After the reaction, DCM and water
were added to the reaction flask and the organic layer was drawn from the aqueous phase. HF is a
byproduct of this reaction, so the separated aqueous phase was handled using plastic vessels and
was immediately diluted and neutralized with calcium carbonate. The DCM phase was then
washed with water five times and then washed two times with brine. The organic layer was then
dried for 15 min with sodium sulfate. The DCM was then removed by rotary evaporation. The

product (15.25 g, 98% yield) was a clear, light-yellow oil (Figure S1-S2).

2.2.4. Synthesis of 1-ethyl-3-methylimidazolium 3-acryloxypropylsulfonyl(-R-[sulfonimide])
(EA-x) monomers via SuFEx click chemistry

The sulfonylfluoride monomer was used in a sulfur (VI) fluoride exchange (SuFEx)
reaction to form potassium 1—[2—acryloyloxypropyl]-R-sulfonylimide followed by ion exchange

to synthesize 1-ethyl-3-methylimidazolium 3-acryloxypropylsulfonyl(-R-[sulfonimide]) (EA-x,



x=0, 2, 4). Here we will report the general synthetic procedure for EA-0, or EA for short, which
was employed for all EA-x monomers. Sulfonylfluoride monomer (1.3 EQ) was dissolved in AN
(non-anhydrous, 1M, 62 mL), followed by 1 EQ of trifluoromethanesulfonamide (9.3 g). 3 EQ of
potassium carbonate (25.8 g) was then added to the flask. In ambient air, the solution was then
heated to 65 °C and refluxed overnight. After the reaction, solids were filtered, and the remaining
solution was concentrated via rotary evaporation and recrystallized in DCM. The potassium salt
product (19.46 g, 86% yield) was a white powder. The quantitative conversion of the
sulfonylfluoride group was determined via '"H NMR (Supporting Information, Figure S3-S4).
Next, 10 g (27.62 mmol) of the potassium salt was mixed with 1.05 EQ of [EMIM][CI] at a
concentration of 0.5 M in AN and the ion exchange reaction proceeded for 24 hr in the dark. 10mg
of BHT was added as an inhibitor. After ion exchange, solids were removed by cold filtration and
AN was removed by rotary evaporation. The resulting oil was redissolved in ~ 40 mL of DCM
and the remaining solids were removed by centrifugation (Eppendorf-5430) at 7800 RPM for 5
min. The supernatant was then washed one time with water and DCM was removed via rotary
evaporation. The product, a viscous transparent, slightly yellow oil, was further dried under high
vacuum for = 1hr. The final product, EA monomeric IL was recovered at an 84% yield (10.06 g,

Figure S5-S6, Figure S11-12).

2.3 Ionoelastomer Fabrication

Ionoelastomers were fabricated as previously reported [4], [8]. The following can be
considered general for all EA-x monomers. We weighed 250 mg of EA-x monomer in a glass vial
and combined it with 2 mol% PEGDA crosslinker. We prepared a 100 mg/mL stock solution of

photoinitiator [-819 in DCM. We added 0.5 mol% initiator (1 mol% for EA-4) and vortexed the



vial until thoroughly mixed. We left the solution under vacuum overnight at 22 °C to remove
excess DCM and degas the pre-polymer resin. Molds were prepared by clamping two fluorinated
glass slides (Supporting Information) together, separated by 250 um Teflon spacers (McMaster
Carr). The pre-polymer resin was allowed to enter the mold utilizing capillary action. Filled molds
were photopolymerized using a UV curing lamp (Melodie Suzie 30 W, 365 nm) for 30 min.
Ionoelastomers were then carefully demolded and the sol fraction was removed by soaking in 10
mL of DCM for 24 hr, followed by rinsing with fresh isopropanol (IPA). Residual solvent was
removed by heating the films at 60 °C in vacuo for either 24 hr or 1 week. The resulting films were

flexible, clear, and could be cut into any testing geometry with ease.

2.4 Spectroscopic and Thermal Characterization

'"H-NMR and "F-NMR spectra were recorded using a Bruker 400 MHz spectrometer with
d3-acetonitrile as the solvent. Transparency measurements were performed using an Ocean Optics
DH-2000-BAL UV-vis spectrometer. Attenuated total reflection Fourier transform infrared (ATR-
FTIR) spectra were collected using a Thermo Scientific iS50 ATR-FTIR spectrometer from 540
cm! to 4000 cm™!. Raman spectra were collected with a Horiba LabRAM HR Evolution Raman
Spectrometer with a 532 nm excitation laser. Raman scans were collected at 50x magnification
and an 1800 mm grating with a 30 s collection time per scam. For each material, 12 scans were
averaged and the fluorescence signal was subtracted to yield the finished spectrum. DSC
thermograms were obtained using a DSC 2500 (TA Instruments) from -80 °C to 25 °C at a ramp

rate of 10 °C/min. Glass transition temperatures were determined from the 2nd heating cycle.

2.5 Mechanical Characterization



Tensile tests were conducted using a DMA 850 (TA Instruments) mechanical tester.
Samples were cut into 0.5 cm x 2 cm rectangles and stretched at a strain rate of 5 %/min at a
temperature of 22 °C. Young’s moduli were determined using the slope of the stress-strain curve
from 1-3 % strain. Rheology measurements were conducted using ARES G2 rheometer with an

8mm Teflon probe. Rheology frequency sweeps were conducted from 0.1 Hz to 50 Hz.

2.6 Ionic Conductivity Measurements

The ionic conductivity was measured using a Gamry 600+ potentiostat with an Instec
STC200 temperature controller. The samples were prepared by sandwiching 0.5 cm diameter
circular EA-x films between ITO-coated glass slides with Teflon spacers. Transparent ITO
electrodes were used to ensure conformal contact between the ionoelastomer and electrode surface,
while also allowing for in-situ determination of sample area and thickness in sifu. AC potentials
of 40 mV were applied in the frequency range of 1 MHz to 0.1 Hz. The conductivity was calculated

using equation (1):

(EQ 1)

Opc = RpcA
where Rpc is the mid-frequency plateau of the impedance modulus, L is the sample thickness, and
A is the sample area. Temperature-dependent conductivity measurements were conducted from 60
°Cto 15 °C in 5 °C increments. A 20 min delay time was added once a steady state temperature

was reached to ensure a uniform temperature profile across the thickness of the sample.

2.7 X-Ray Scattering



Wide angle X-ray scattering (WAXS) was conducted using Xenox Xeus 3.0 WAXS system
with a 50 kV Cu Ka X-ray source in the standard configuration. Samples were loaded in
transmission at < 0.4 mBar vacuum with a sample-to-detector distance of 48.5 mm. Background

subtracted 2D patterns were integrated azimuthally to yield 1D curves using XSACT software.

2.8 Contact angle Goniometry

Water contact angles EA-x ionoelastomer films were measured using a custom-built
pendant drop tensiometer and with MilliQ water (< 18.2 MQ cm). Static contact angle
measurements were taken 5 s after a 1 pLL drop was deposited on the surface of the film. Advancing
contact angle measurements were taken as the average contact angle as water was added to a
droplet over a 2 s interval while receding contact angle measurements were taken as the average
contact angle as water was removed from a droplet over a 2 s interval. We analyzed the collected
images using First Ten Angstroms contact angle software (FTA32, Portsmouth, VA) employing a

sessile drop model.

3. Results and Discussion

10



A.) Previous Studies
‘1&
0 0 (coct, o o 1) TEA. MeCN o 0 0 0 ’M
DCM / DME (eat) o p  2ELOsMLN [EMIM]*[CI
o} N H;N/S\CFS . o — - o _ﬂN/@ N/\
;S x® J 4 ® g e
~
O//s ~ O// ~cl o// \TQ O// T
0=8=0 0:‘3:0
(l:l3 CFy
o ® Lowyield
MeCN / Hy0
) ) ¢ Low Purity
B-) This Work / SuFEx Click Chemistry \
S
B L
(o) 0
CF [¢} Q ) 1) K,C0;5 . MeCN [EMIM]T[CI]
= Tk : u N — — P
X=013 //g //S\Ne //S\N@ .
A ‘ *1‘3*0 0()—5—0
O// F =s= i
R
\ / v High Yield
\/ High Purity

Figure 1: A) Previous synthetic approach to pendent sulfonylimide synthesis using sulfonylchloride intermediate.
The sulfonyl chloride reacts with triethylamine (TEA) and a sulfonamide to create a triethylammonium sulfonylimide
ionic liquid (IL) intermediate (not pictured). This intermediate can then be reacted with an alkaline base like potassium
carbonate (K2CO:s), to yield an alkaline pendent sulfonylimide salt, which can more easily be ion exchanged. The inset
image corresponds to the EA IL monomer synthesized using the conventional approach. B) Our approach to pendent
sulfonylimide synthesis using SuFEx click chemistry. The sulfonylchloride is converted to a sulfonylfluoride, which
can then be clicked onto a sulfonamide to yield an alkaline pendent sulfonylimide salt in a single step, without the IL

intermediate. The inset image corresponds to the EA IL monomer synthesized by way of SuFEx click chemistry.

3.1. Monomer Synthesis.

Identical pendent trifluoromethanesulfonylimide acrylate (EA) monomers were
synthesized as previously reported [15] (Figure 1A), and with our new SuFEx click approach
(Figure 1B). We found that going directly from the sulfonylchloride to the

trifluormethanesulfonylimde monomer, resulted in a final product with significant impurities that
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we were unable to remove. The resulting ionic liquid (IL) monomer was red-brown in color and
translucent; indicative of impurities. We identify two potential sources for these impurities. First,
the sulfonylchloride group is easily reduced by nucleophiles, resulting in an unstable R-SO»" that
can undergo additional side reactions [33]. Second, TEA is prone to oxidative decomposition with
prolonged exposure to air, resulting in a yellow to yellow-brown impurity. This process is
accelerated in the presence of water, meaning that conversion of the sulfonylchloride must be
conducted in air-free, extremely dry conditions for high-purity products [36].

Alternatively, EA monomer synthesized via SuFEx click reaction and subsequent ion
exchange was an optically clear liquid and had high purity from 'H NMR, 3C NMR, and '°F NMR
(Figure S5-S6, Figure S11-12), despite being synthesized under ambient conditions with non-
anhydrous solvents. This is because the SO»-F bond is less prone to reduction [33], and thus the
SuFEx reaction can proceed quantitatively directly to the alkali salt (Figure 1B) without TEA or
the triethylammonium intermediate.

The use of efficient SuUFEx chemistry enabled the synthesis of a series of pendent
sulfonylimide monomers with varying perfluorinated (-CFx) alkyl side chain lengths with
similarly high purity (Supporting Information, Figures S7-S12). Poly(sulfonylimide)s with
perfluorinated alkyl groups are commonly employed in the literature as analogs of the loosely
coordinating TFSI small molecule anion. However, a detailed description of the effect of CFx
terminal chain length on material properties has yet to be reported for linear or crosslinked room-
temperature polymerized ionic liquids (PILs), motivating this study. Sulfonylimide monomers
with perfluoroalkyl terminal groups of 1, 2, and 4 carbons were chosen as all three monomers
could be synthesized following the same synthetic and purification scheme using commercially

available perfluoroalkanesulfonamide reagents. All EA-x monomers had a slightly yellow color
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(Figure S13), which we attribute to the sacrificial decomposition of the added BHT inhibitor during

the work up.

3.2. EA-x lonoelastomer Design and Characterization

The effect of certain pendant side groups on poly(sulfonylimide) physical and electronic
properties have been studied in select publications [37], [25], [31]. However, to our knowledge,
there has not been a systematic study on the effect of side groups on poly(sulfonylimide) properties
with room-temperature ionic liquid pairs. Here, we take advantage of the ease and versatility of
SuFEx click chemistry to synthesize a family of three pendent sulfonylimide ionoelastomers with
[EMIM]* mobile ions where the perfluorinated terminal portion of the pendent sulfonylimide is
systematically varied in length from 1 to 4 carbons (Figure 2A).

Ionoelastomers were fabricated as previously described, washed with DCM for 24 hr to
remove the sol fraction, and dried in vacuo to yield a solvent-free ion conducting membrane with
gel fractions >80% (Table S1). ATR-FTIR spectra of the three ionoelastomers do not show a
characteristic acrylate peak at = 1630 cm™ (Figure S14-S15), indicating that all residual monomer
was reacted or washed out as part of the sol fraction. High-resolution ATR-FTIR spectra were
collected for EA-x ionoelastomers in the region of C-H stretches for the imidazolium counter-ion
(2800-3500 cm!, Figure S16). We find that the intensity of all imidazolium C-H stretches
decreases with increasing perfluorinated side chain length, consistent with the expected decrease
in ion concentration as the length of the pendent groups is increased. EA-x ionoelastomers derived
from SuFEx click reaction were optically clear (Figure 2B), a property desirable for many

stretchable electronic devices such as artificial skins and flexible optoelectronic devices [38].
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Figure 2: A) The chemical structures of the three ionoelastomers studied in this work. The PEGDA crosslinker was
omitted for simplicity. B) Optical image of 250 um thick films of EA, EA-2, and EA-4 ionoelastomers. The image of
the bridge is easily seen through transparent ionoelastomer networks. C) The transmittance of visible light through
250 pm thick ionoelastomer films. D.) DSC thermograms of the second heating cycle for EA-x ionoelastomers with
marked glass transition temperature E.) Representative stress-strain curves for EA-x ionoelastomers measured using

a strain rate of 5 %/ min

All EA-x ionoelastomers had > 90 % transmittance for essentially the entire visible spectrum
(Figure 2C). Alternatively, pendent sulfonylimide polymers with monomers synthesized using the
conventional method often have a hazy yellow-brown color, despite their non-polymerizable
counterparts being clear slightly yellow liquids or white salts [15], [29], [39]-[41].

All EA-x ionoelastomers have a single 7 and do not show additional transitions in the
temperature range of -80 °C to 25 °C (Figure 2D). Glass transition temperatures increased
monotonically with increased perfluorinated side chain length (Table 1) from -26 °C for EA to -6
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°C for EA-4. Moreover, the T of EA-x ionoelastomers could readily be tuned by copolymerization
of different EA-x monomers. For instance, an ionoelastomer polymerized with 1:1 mole ratio of
EA:EA-4 exhibited an intermediate 7 of -11 °C (Figure S17). The increase in 7 with increase
perfluorinated terminal group length is consistent with previous studies on ILs and PILs in which
the length of perfluorinated side groups of bis(perfluoroalkanesulfonimide) counterions were
varied. [42], [43]. We attribute this increase in 7, to strong interactions between the perfluorinated
side groups and the imidazolium counter-ion via ion-dipole interactions or hydrogen bonding [9].

The room temperature Young’s modulus (Table 1, Figure 2E) was nearly identical for EA
(193 £ 28) and EA-2 (175 £+ 10 kPa), however, it was nearly 1.5 times greater for EA-4 (264 + 43
kPa). For unentangled networks well above 7T, we would expect the modulus to be inversely
proportional to the average molecular weight between crosslinks. However, for linear PILs, it has
been shown that ionic aggregates act as physical linkages, increasing the effective modulus [44]-
[46]. Previous studies have also found that increasing the fluorinated side chain length on
bis(perfluoroalkylsulfonimide) counterions generally increases the elastic modulus of

poly(vinylimidazolium) PILs [47].

Table 1: Physical, mechanical, and electronic properties of EA-x ionoelastomers. Error values indicate the range

taken from three separate measurements.

DSC T,  Density opc(22°C)  Young’s Modulus Elongation at

Polymer
(°C) (g/cm?) (mS/cm) (kPa) Break (%)
EA -26 1.41 32+0.1x1073 193 + 28 116 £16
EA-2 -13 145 3.8+0.5x1073 175+ 10 112 +8
EA-4 -6 144 47+0.6x10* 264 £43 120 £ 15

15



3.5 Ion Conduction in EA-x lonoelastomers

To evaluate the effect of pendant group length onion transport by sulfonylimide-derived
ionoelastomers, we measured the conductivity at room temperature (Table 1) by means of AC
impedance spectroscopy (Figure S18). Generally, for polymer electrolytes, lowering the 7, of the
material tends to increase ionic conductivity by increasing segmental motion and available free
volume for ion conduction. PILs are somewhat unusual in that in some cases ion motion can be
decoupled from segmental dynamics, which is thought to be due to the chain packing frustration
of charged pendants [48], [49]. Interestingly, EA-2 showed the highest room temperature (22 °C)
conductivity of 3.8 x 10~ mS/cm, despite having a higher T, and lower ionic concentration than
EA (opc = 3.1 x 10 mS/cm). These room temperature conductivity values represent a clear
improvement (~ 10x) over previously reported imidazolium-conducting ionoelastomers (Table
S2). EA-4, however, showed nearly 10x lower room temperature conductivity (4.7 x 10* mS/cm),
which can at least partially be ascribed to its increased 7y compared to EA and EA-2.
Copolymerization of EA with EA-4 in a 50 mol% ratio, resulted in a room temperature
conductivity roughly half that of EA networks (1.3 £ 0.2 x 10 mS/cm), indicating that in random
EA-x copolymer ionoelastomers, the monomeric unit with higher ionic conductivity dominates
ion transport (Figure S19). Normalizing the temperature of each EA-x ionoelastomer by its Ty, we
find that EA-2 and EA-4 have higher ionic conductivity (Figure 3B), indicating the perfluorinated
terminal group helps increase imidazolium conduction in the limit of equivalent contributions from

segmental relaxation.
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Figure 3: A.) Temperature dependent conductivity of EA-x ionoelastomers as a function of inverse temperature. Lines
correspond to the weighted fit of the data (symbols) using EQ. 2. B.) Conductivity versus inverse temperature

normalized to 7z measured using DSC.

To better understand the molecular origins of this non-monotonic trend in conductivity
with respect to the glass transition temperature, we conducted temperature-dependent conductivity
measurements (Figure 3a, Figure S20). To ensure that these samples were solvent-free, samples
were dried in vacuo for 7 days. We find that the results are in excellent agreement with our RT

conductivity data. We then fit the data to the Vogel-Fulcher-Tammann (VFT) equation:

-B

0pc(T) = Goe TTo (EQ2)

where opc(T) is the temperature-dependant DC conductivity of the material, o, is the
conductivity in the limit of infinite temperature, B is a fitting constant related to the activation
energy for ion conduction and T, is the Vogel temperature, which is typically around 50 K below

T,. A summary of the fitted parameters can be found in Table 2.
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Table 2: Fitted parameters to the VFT equation (EQ 2) with the measured 7, from DSC for EA-

x ionoelastomers. Error corresponds to the standard error of the non-linear fit.

Polymer G (MmS/cm) B Ts (K) T, psc (K)
EA 10+3 790 + 80 203+6 247
EA-2 21+4 840 + 50 204 +4 260
EA-4 13+6 1000 + 100 201 +£7 267

The value of T, determined by VFT fitting is nearly constant between the three EA-x
ionoelastomers, ranging only from 201 - 204 K while the 7; measured by DSC increased by 20 K
with increasing fluorinated side chain length from EA to EA-4. However, for PILs, a discrepancy
between the effective 7y (7o + 50 K) derived from the VFT equation, related to conductivity
relaxation, and the 7, derived from DSC, related to segmental relaxation, is frequently observed
due to the decoupling of ion conduction from segmental dynamics [48]. For EA-x ionoelastomers,
increasing the perfluorinated terminal functionality increases this decoupling from segmental
dynamics, leading to the observed increase in 7 normalized conductivity for EA-2 and EA-4
compared to EA (Figure 3B). Conversely, the VFT fit indicates a much higher value of the
prefactor o., for EA-2, compared to EA or EA-4. Interestingly, EA-4 also had a higher value of
o compared to EA. We attribute this increase to the increase in the dissociation of imidazolium
by pendent fluorinated side chains. Similar trends have been reported for ammonium PILs with
TFSI counterions, in which adding an additional ethylene glycol unit to the pendant structure
increased the infinite temperature dielectric relaxation time scale, analogous to 6« in conductivity
space [48]. However, this does not account for the decrease in 6. between EA-2 and EA-4, despite

an increase in 7. Here, we note that ion conduction is a product of both ion concentration and ion
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mobility. Thus, it is possible that EA-4 has a lower ion mobility than EA-2, resulting in a lower
value of 6., which could point toward an increase in aggregation or change in imidazolium
coordination state for EA-4 ionoelastomers. This would also be consistent with the higher linear
elastic Young’s modulus for EA-4 (Table 1). The following sections will attempt to rationalize
this non-monotonic trend in ionic conductivity by investing polymer morphology, ionic

aggregation, and ionic coordination.

3.8 Enhanced ionic aggregation leads to lower DC conductivity.

Intensity (a.u.)

Figure 4: Wide angle X-ray scattering (WAXS) curves for EA-x ionoelastomers. Curves for EA-2 and EA-4 have

been shifted vertically for clarity.

Wide angle X-ray scattering was employed to elucidate the underlying mechanism for the
observed non-monotonic trend in ionic conductivity by investigating network morphology. WAXS
curves were obtained in the range of scattering vector ¢ = 1-18 nm™! (Figure 4). Previous studies

on PILs have identified three broad peaks in this range: g, at > 12 nm™' , the amorphous halo, g,

19



generally at > 5 nm™ but < 15 nm™, corresponding to the average counterion spacing, and q,,, at

<6 nm'! corresponding to the spacing between ionic aggregates [10], [14], [44], [46], [50]-[52].
For EA-x ionoelastomers, we observe three distinct peaks only for EA-4, which shows a

clear q,,, aggregation peak centered at 2.7 nm™'. EA and EA-2 only show g, and q, as distinct
peaks. The g, and q,, peaks both shift towards lower g (larger spacing), indicating that the longer

perfluorinated side chain slightly increases the available space for ion conduction between

pendants. The lack of a clear q|,, peak for EA and EA-2 suggests a smaller degree of aggregation

and a broader range of inter-aggregate spacing compared to EA-4 [45]. We propose that the
substantially decreased ion conductivity of EA-4 compared to EA and EA-2 is due to this increase
in ion aggregation. Copolymerization of EA with EA-4 results in a broader and smaller magnitude
q,, peak at the same position (Figure S21), indicating copolymerization of loosely aggregating
components decreases total ionoelastomer aggregation. However, the higher ionic conductivity of
EA-2 with respect to glass transition temperature cannot be fully explained using X-ray scattering

alone, as neither show peaks corresponding to regular spacing of ionic aggregates.
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Figure 5: Oscillatory shear rheology measurements of A.) EA B.) EA-2 and C.) EA-4 in the frequency range of 0.5 -
50 Hz at 25 °C. Dashed red lines indicate the frequency at which the loss modulus exceeds that of the storage modulus

(e.g. where Tan(d) = 1)
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To help decipher the observed non-monotonic trend in ionic conductivity, oscillatory shear
rheology measurements were conducted on EA-x ionoelastomers to further probe ionic
aggregation (Figure 5). We found that in small strain frequency sweeps at 25 °C, there exists a
non-monotonic trend in plateau modulus (taken as the modulus at 0.1 Hz) with EA-4 > EA > EA-
2, which is in good agreement with the trend in elastic modulus (Table 1). Interestingly, all EA-x
ionoelastomers exhibited a crossover frequency where the loss modulus (G”’) becomes greater than
the storage modulus (G’) upon increasing frequency between the rubbery plateau at low
frequencies and the glass transition at high frequencies. Similar behavior has been found in select
charged and uncharged polymers as they approach 7T, [46], [43]. Were the crossover to reflect a
broad rubbery-to-glass transition, however, we would expect this frequency to decrease with
increased polymer 75. In contrast, for EA-x ionoelastomers, we observe a non-monotonic trend in
this crossover frequency, with EA-2 having the lowest crossover frequency, despite having a lower
T, than EA-4.

Alternatively, similar crossover behavior has also been found in entangled polyelectrolyte
complex coacervates, with a characteristic frequency corresponding to the exchange rate between
neighboring pendent ion pairs [53]. We hypothesize that the crossover event in the ionoelastomers
studied here can be explained in part by a similar phenomenon in which ionic aggregates, rather
than ionic bonds, act similarly to physical crosslinks between chains. As aggregates break, chains
are free to move past one another, resulting in G” exceeding G’ well below the frequency
associated with 7. For EA-2, the degree of ion ionic aggregation appears to be lower, resulting in

a lower terminal modulus and crossover frequency compared to EA or EA-4.

3.7. lonic association determines aggregation and conductivity of EA-x ionoelastomers.
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Figure 6: Probing sulfonylimide-imidazolium interactions via vibrational spectroscopies A.) Schematic
representation of an EA-x ionoelastomer network including possible ion-ion and ion-pendant interactions with
imidazolium counterions B.) AT-FTIR spectra of EA-x ionoelastomers showing the S-N asymmetric band C.)
Raman spectra of EA-x ionoelastomers in the region of the SNS breathing mode for EA-x ionoelastomers

Vibrational spectroscopy techniques are commonly employed in both the ionic liquid and
single ion conducting polymer communities to provide insight into the degree of ionic association
and coordination. For example, spectroscopic evidence of interactions between sulfonylimide and
imidazolium can be observed in the S-N (= 1050 cm) and S=O (= 1350 cm!) asymmetric
stretching bands in AT-FTIR spectra. Both bands exhibit a characteristic blue shift when the
negative charge is more highly localized on the sulfonylimide nitrogen atom, which has previously
been interpreted as reflecting weaker anion-cation associations due to competing ion-dipole
interactions between imidazolium and perfluorinated alkyl chains (Figure 6A) [9], [54-57]. Here,
we observe such a blue shift of the S-N asymmetric band from 1044 cm! for EA to 1062 cm! and
1057 cm! for EA-2 and EA-4 respectively (Figure 6B). However, the S=O stretching band (Figure
S22) does not show the same trend, presumably due to the difference in the electron density of
SO2-CF»- compared to SO>-CF3 The shift in the S-N band indicates a more localized negative

charge on the sulfonylimide for EA-2 and EA-4 compared to EA, consistent with stronger cation-
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pendant interactions, though we note that the difference in electron withdrawing character of -CF3
vs. -CF2- pendants may also directly influence the electron density.

Raman spectroscopy can also be employed to probe the local chemical environment of the
sulfonylimide unit via measurement of symmetric stretching bands. In lithium-ion conducting
poly(sulfonylimide)s this is done by analyzing the SNS breathing mode peaks in the range of 730-
760 cm™!. By deconvoluting these peaks, one can quantify the degree of ionic coordination between
the counterion and the sulfonylimide anion, with higher wavenumber peaks corresponding to more
coordinated binding states [23], [14], [58-60]. Interestingly, for EA-x ionoelastomers, the SNS
breathing mode appears as two distinct peaks at = 735 cm™ and = 753 cm! on the shoulder of a
broader peak centered around = 710 cm™!, corresponding to the C=0 breathing mode of the acrylate
backbone and the -CF- stretches for EA-2 and EA-4 (Figure 6C). Interpreting these two SNS
breathing mode peaks as two distinct coordination states of pendent sulfonylimide ions, as is the
typical interpretation for lithium-ion conducting poly(sulfonylimide)s, we find that the most
coordinated state corresponding to the peak at 753 cm! is most favored for EA-2 compared to EA
or EA-4. We hypothesize that the coordination state at 753 cm™ is the singly coordinated state
between imidazolium cation and sulfonylimide anion, while the coordination state at 735 cm!
represents ion associations between imidazolium and multiple sulfonylimide ions. We speculate
that the more favorable pendant-cation interactions in EA-2, compared to EA, promote the singly-
coordinated state which leads to higher RT ion conductivity for EA-2 compared to EA, despite
EA-2 having a lower total ion concentration and higher 7,. However, increasing the perfluorinated
terminal group to 4 carbons in EA-4 results in an increase in ion aggregation and a return to
predominantly multiply-coordinated cations and reducing conductivity. This picture is also

consistent with the mechanical and rheological measurements discussed above, which indicate a
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lower degree of physical‘crosslinking’ by aggregation and/or multiple coordination of counterions
in EA-2 compared to EA and EA-4. Ion conduction in EA-x ionoelastomers can thus be considered
a balance of ion association and aggregation, with weak, singly coordinated ions in EA-2
promoting high ionic conductivity values.

3.8. Hydrophobicity of EA-x lonoelastomers
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Figure 7: A.) Representative photographs of static water contact angles with EA-x ionoelastomers B.) Static,
advancing, and receding contact angles for EA-x ionoelastomers, with error bars corresponding to the range of three

separate measurements.

Water-resistant ion conductors are useful for real-world applications in which materials are
exposed to wet or humid conditions. However, the design of intrinsically hydrophobic ion
conductors has been a challenge as most ionic groups are hydrophilic. Poly(sulfonylimide)s have
drawn attention for being more hydrophobic than other polyanionic ion conductors, however, a
framework for designing hydrophobic poly(sulfonylimide)s has not been reported. As such, we
investigated the effect of pendent fluorinated chains on the hydrophobicity of EA-x
ionoelastomers. By crosslinking our polymers into free-standing films, we could observe the
contact angle of liquid water with the surface of EA-x ionoelastomers (Figure 6a). It was found

that the average static contact angle was 64°, 92°, and 105° for EA, EA-2, and EA-4 respectively,
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corresponding to a decrease in surface energy and an increase in hydrophobicity with increasing
perfluorinated side chain length. Ionoelastomers formed by copolymerization of equal parts EA
and EA-4 resulted in networks with an intermediate static water contact angle of 88° (Figure S23).
The EA ionoelastomers showed the most contact angle hysteresis with nearly a = 50° difference
between advancing and receding contact angles, while EA-2 and EA-4 had less hysteresis (33° and
28° respectively) as shown in Figure 6B. Interestingly, all three homopolymers showed advancing
contact angles > 90°, indicating that water does not wet the surface initially, but wettability
increases over time. This could be due to surface reorganization, or potentially the small amount

of hydrophilic PEGDA, which could provide a route for water to permeate through the surface.
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Figure 8: A.) ATR-FTIR spectra of the exposed surface of EA-x ionoelastomers after 7 days at 75% RH. Spectra are
vertically shifted for clarity. B.) The weight percent of EA-x ionoelastomers as a function of exposure time (days)

under ambient conditions (15% RH and 23°) with inset showing the results at 75% RH.

Ionoelastomers were also relatively insensitive to environmental humidity, with no sign of water
in the ATR-FTIR spectra of all EA-x ionoelastomers after 7 days under ambient, e.g. 15% relative

humidity (RH), and humid, e.g. 75% RH, conditions (Figure 8a, Figure S24). Furthermore, it was
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found that the weight of EA-x samples was essentially constant (< +1 wt%) over a 7-day period at
15% RH. A small increase (= 4 wt% and = 3 wt%) was observed for EA and EA-2 samples after
7 days at 75% RH, while EA-4 showed a negligible increase in weight (< 1wt%) in the same
period. This is in line with EA-4 also being the most hydrophobic of the EA-x ionoelastomers, but
the difference is sufficiently small to also be due to experimental error. EA-x ionoelastomers can

thus be considered non-hygroscopic under ambient and humid conditions.

4. Conclusion

We have developed an alternative route to synthesize poly(sulfonylimide) monomers
utilizing Sulfur (VI) Fluoride Exchange (SuFEx) click chemistry. This synthetic approach can be
conducted under ambient conditions and yields highly pure ionic liquid (IL) monomers at large
scales (~10 g). Anionic sulfonylimide ionoelastomers were synthesized with perfluorinated side
chains of one, two, and four carbons. These ionoelastomers were stretchable (= 120% strain at
break), showed high solvent-free ionic conductivity (> 3.8 x 10 mS/cm), and were hydrophobic
with water contact angles > 105° and extremely low sensitivity to humidity.

Our results indicate that conduction of the imidazolium counterions is highly dependent on
the perfluorinated side chain length with shorter chains promoting cation dissociation, and longer
chains causing ion aggregation. The result is a non-monotonic trend in ion conductivity with
respect to 7, with EA-2 having the highest ionic conductivity and lowest modulus, despite having
intermediate 7; compared to EA and EA-4. These results, however, probe EA-x ion transport and
mechanical properties in a limited temperature and frequency window. Further studies, focusing
on separating ion and polymer contributions to conductivity using more complex rheological and

AC electronic characterization techniques, would enable more robust statements on the exact
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mechanism for ion conduction in EA-x ionoelastomers. In addition, molecular simulations to better
understand the role of imidazolium-pendant and sulfonylimide-imidazolium interactions in these
materials would be valuable. Furthermore, the ionoelastomers presented in this work cannot be
considered model networks, nor have the network structure or chemistry been optimized to
enhance ionic conductivity or stretchability. Future work will be required to better assess how
ionic associations, crosslinking chemistry, and network inhomogeneities affect ionoelastomer
mechanical and electronic properties. We anticipate SuUFEx chemistry will provide an enhanced
synthetic route for future poly(sulfonylimide) electrolytes for and that our findings give new

understanding into the molecular-level design of poly(sulfonylimide) PILs and ionoelastomers.
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