Downloaded via UNIV OF NOTRE DAME on April 6, 2023 at 14:00:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

Hacromolecules

pubs.acs.org/Macromolecules

Li* Conduction in Glass-Forming Single-lon Conducting Polymer
Electrolytes with and without lon Clusters

Jiacheng Liu and Jennifer L. Schaefer*

Cite This: Macromolecules 2023, 56, 2515-2525

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

@ Supporting Information

ABSTRACT: Single-ion conducting polymer electrolytes have been studied for their advantages
for rechargeable battery applications. However, amorphous poly(ethylene oxide) (PEO) and
related electrolytes are limited by their ion transport rate that is coupled with —EO— segmental
motion. Simulations have suggested that fast ion transport may occur within the ion clusters in
polymer electrolytes. In this contribution, we report on single-ion conducting polymers with
varying polymer backbone types that contain delocalized tethered anions (—sulfonyl-

(trifluoromethylsulfonyl)imide (—TFSI”)). The homopolymers were prepared from side-chain
monomers capable of free-radical polymerization. The polymer backbone type is found to have

lon-backbone
interaction

lon-backbone
separation

strong implications for ion aggregation and nanoscale morphology. A new side-chain ionic polymer

with a nonpolar backbone (polystyrene derivative) is found to self-assemble with lamellar ordering of nanoscale ionic domains.
Meanwhile, side-chain ionic polymers with polar backbones (polyacrylate and polymethacrylate derivatives) are found to be less
ordered. We show that regardless of the ion aggregation morphology, the bulk ionic conductivity is related to the ionic group
relaxation although there are varying degrees of decoupling between thermal glass transition and dielectric relaxation.

B INTRODUCTION

High-energy-density secondary batteries are required for many
modern applications such as electric vehicles, robotics, internet
of things, and personalized electronic devices." Increased safety
of the battery while maintaining a fast charging and discharging
rate is an important issue to be solved.” Solid-state electrolytes,
such as polymers and inorganic ceramics and glasses, are
expected to decrease flammability and may exhibit mechanical
properties to thwart short-circuiting.” Inorganic ceramics and
glasses can exhibit superionic conductivity but may have
drawbacks such as low wettability at electrode interfaces,
chemical instability toward moisture and Li metal, and high
cost of processing.” ® Polymer electrolytes may be advanta-
geous in these areas. The search for polymer electrolytes with
high ionic conductivity and solid-state character is a high
priority for future-generation battery development.”

A particular class of polymer electrolytes, single-ion
conducting polymer electrolytes, is of interest due to their
likely high active-ion transference number.® The transference
number is effectively the fraction of the total ionic conductivity
that may be attributed to a particular ion. High transference
number electrolytes are sought to mitigate ion concentration
gradient formation during battery operation, a phenomenon
that can increase interfacial resistance, reduce theoretical
limiting currents, and may facilitate lithium dendrite growth
with lithium anodes. However, single-ion conducting polymer
electrolytes researched thus far suffer from low ionic
conductivity.

In the last decade, the ion-hopping transport mode in single-
ion conducting polymers observed by a series of molecular
simulation works has raised interest.”” ' It has been discussed
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that ionomers with a well-defined chemical architecture can
form distinctive ion clusters with various morphologies.">~"
The counterion, usually a monovalent metal ion, can either
transfer within ion clusters in a hopping manner or across
clusters by ionic group relaxations.”'" The former mechanism
could be a counterpart to ion hopping in ionic glasses, where
ion transfer is faster and independent of matrix relaxation.
However, the latter mechanism, in general, is dependent on
conductivity relaxation like that in glass-forming ionic liquids
and polymeric ionic liquids (PILs)."

Some recent experimental studies of lithium conducting
polyanions with ion clusters have been focused on polymers
with a well-defined ionic phase morphology, which are
synthesized by step-growth polymerization of prefunctional-
ized monomers.””"”~"" These polymers are mostly of the
main-chain type, on which anions are covalently attached onto
or directly pendant to the polymer backbone. Hexagonal,
layered, and even gyroid ionic phases have been found in these
polymers.”’™>* More recently, these types of polymers have
also demonstrated maintenance of phase separation upon
addition of a dimethyl sulfoxide (DMSO) that improves ionic
conductivity by up to 10* times.”> However, due to the
limitation of the available polymerization chemistry that is
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compatible with these monomers, investigations of transport in
the ionic phase have largely been limited to the sulfonate
(—S057) anion chemistry. Moreover, their ionic conductivity
is low in the absence of an organic solvent and the ion
transport mechanism remains unclear. Organic solvents may
decrease safety or limit use of certain electrodes due to
chemical or electrochemical instability; for example, DMSO is
reactive with lithium metal anodes.

In our previous works, p-phenylene monomers function-
alized by side chains terminated with —sulfonyl-
(trifluoromethylsulfonyl)imide (—TFSI™) anions were success-
fully synthesized and polymerized through step-growth.”**®
These polymers exhibited nanoscale phase segregation, with
hexagonal ordering of ionic phases (with side chains of 12 or
15 methylene spacers) or a mixture of hexagonal and lamellar
ordering of ionic phases (with side chains of 6 or 10 methylene
spacers). The ionic conductivity of all of these side-chain
polymers is substantially higher than that of the more common
lithiated polyanion (LiPSTESI), where the tethered anion is
immediately pendant to the backbone.”” We showed that the
ion transport is coupled with dielectric relaxation, or the ion
rearrangement process, although there is some degree of
decoupling between the ionic conductivity and calorimetric
glass-transition temperature. The decoupling is seemingly from
the use of the rigid backbone with flexible side chains, and the
more dielectrically susceptible units (the ions) are located at
the termini of the side chains. Nonetheless, the achievable
polymer architectures are restricted due to the use of this
polymer platform.

To further develop the understanding of ion transport within
ion clusters in polymers, we expand the strategy to double-
bond-type monomers functionalized with anion-terminated
side chains that could potentially produce well-defined ionic
phases. In this contribution, we report synthesis routes for
derivatized styrene, methacrylate, and acrylate monomers that
are available for free-radical polymerization, with the potential
for living polymerization. The synthesis strategies avoided self-
polymerization of the monomers during intermediate reactions
and provided gram-scale final yields. It is found that the
polarity of the backbone can impact the morphology, with
(meth)acrylate backbones disaggregating ion clusters and
exhibiting a broad distribution of correlation lengths in X-ray
scattering, while the styrenic backbone supported lamellar
ionic clustering. Through the dielectric analysis of the
polymers with and without ion clusters, we confirm that the
bulk ionic conductivity of both classes of materials is correlated
with dielectric (conductivity) relaxation despite presumed
differences in the local cation environment.

B EXPERIMENTAL METHODS

Materials. 1,10-Dibromodecane (98%), 4-bromophenol (99%),
sodium sulfite (>98%), potassium carbonate (>99%), potassium
iodide (>99%), oxalyl chloride (>99%), trimethylamine (>99.5%), 4-
(dimethylamino)pyridine (DMAP, ReagentPlus, >99%), vinylboronic
acid pinacol ester (containing phenothiazine as the stabilizer, 95%),
10-bromo-1-decanol (95%), methacryloyl chloride (>97.0%), acryloyl
chloride (97.0%), palladium(II) acetate (reagent grade, 98%), 2-
dicyclohexylphosphino-2/,6’-dimethoxybiphenyl (SPhos, 98%), so-
dium bicarbonate (NaHCO;, ACS reagent, >99.7%), benzyltriethy-
lammonium bromide (99%), tripotassium phosphate trihydrate (extra
pure), acetone (ACS grade), ethanol (ACS grade), 2,2'-azobis(2-
methylpropionitrile) (AIBN, 98%), methanol (ACS reagent,
>99.8%), N,N-dimethylformamide (DMF, anhydrous, 99.8%),
tetrahydrofuran (THF, anhydrous, >99.9%), dichloromethane
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(DCM, anhydrous, >99.8%), hexanes (ACS reagent, >98.5%),
Dowex SOWX8 hydrogen form (50—100 mesh), and hydrochloric
acid (ACS reagent, 37 wt %) were obtained from Sigma-Aldrich.
Trifluoromethanesulfonamide (>98%) was purchased from TCI
Chemicals. 1,4-Dioxane (99.8%, extra dry) was purchased from
Acros Organics. AIBN was recrystallized from hexanes, and all other
materials were used as received. The Spectra/Por 7 dialysis tubing
with MWCO 1000 was obtained from Spectrum Laboratories. A
Milli-Q system was used to generate deionized (DI) water (18 MQ).

Synthesis. 7-Bromo-4-((10-bromodecyl)oxy)benzene (1). 4-
Bromophenol (13.3 g, 76.8 mmol), 1,10-dibromodecane (232 g
77.1 mmol)), potassium carbonate (9.1 g, 65.8 mmol), potassium
iodide (0.5 g, 3.0 mmol), and acetone (320 mL) were loaded in a
round-bottom flask equipped with a magnetic stirrer bar. The mixture
was refluxed for 12 h with stirring. After the reaction, the reaction
mixture was filtered. The acetone was removed under reduced
pressure. A white precipitate was collected after adding the resulting
oily liquid to hot methanol (150 mL). The product as a white powder
was separated by column chromatography (SiO,, hexanes). Yield:
11.3 g (37%).

'"H NMR (400 MHz, chloroform-d) & 7.35 (d, ] = 8.8 Hz, 2H),
6.76 (d, J = 8.8 Hz, 2H), 3.90 (t, ] = 6.5 Hz, 2H), 3.40 (t, ] = 7.1 Hz,
2H), 1.93—1.68 (m, 4H), 1.51—1.18 (m, 12H).

Sodium 10-(4-Bromophenoxy)decane-1-sulfonate (2). 1 (11.2 g,
28.5 mmol), sodium sulfite (9.1 g, 71.8 mmol), benzyltriethylammo-
nium bromide (0.4 g, 1.5 mmol), ethanol (80 mL), and DI water (80
mL) were charged to a round-bottom flask equipped with a magnetic
stir bar. The reaction mixture was refluxed at 95 °C for 48 h. After the
reaction, the inorganic precipitate was removed by filtration through
analytical filter paper while the mixture was still at the reaction
temperature. Then, the collected liquid was allowed to cool down to
room temperature overnight to precipitate the product. The
precipitate was recrystallized in water and a white powder was
obtained. Yield: 9.2 g (77%).

'"H NMR (400 MHz, DMSO-d;) 6 7.42 (d, ] = 9.0 Hz, 2H), 6.90
(d, J = 9.0 Hz, 2H), 3.93 (t, ] = 6.5 Hz, 2H), 2.44—2.27 (m, 2H),
1.76—1.61 (m, 2H), 1.62—1.46 (m, 2H), 1.46—1.15 (m, 12H).

Potassium((10-(4-bromophenoxy)decyl)sulfonyl)-
((trifluoromethyl)sulfonyl)amide (3). To a dry round-bottom flask
equipped with a magnetic stirrer bar, 2 (6.5 g 15.6 mmol) was
suspended in anhydrous THF (40 mL) and cooled in an ice/water
bath. Oxalyl chloride (2.38 g, 18.8 mmol), anhydrous DMF (cat.),
and anhydrous THF (10 mL) were premixed in a separate container
for 30 min and then added to the above suspension under an inert
atmosphere. The mixture was stirred for 1 h in the ice/water bath and
then at room temperature overnight. Trifluoromethanesulfonamide
(2.5 g 16.7 mmol), triethylamine (4.37 mL, 31.3 mmol), DMAP (0.2
g, 1.6 mmol), and anhydrous THF (30 mL) solution were premixed
for 30 min and then added to the above reaction vessel in an ice/
water bath. After addition, the mixture was stirred for 1 h in the ice/
water bath and then at room temperature overnight. After the
reaction, the inorganic precipitate was filtered off and the solvent was
removed under reduced pressure. The resulting oily liquid was
dissolved in DCM (60 mL). The DCM solution was washed with
water (3 X 30 mL), saturated NaHCO; (2 X 40 mL), HCI (1 M, 2 X
30 mL), and water (3 X 30 mL) and dried over anhydrous MgSO,
subsequently. After DCM was removed, the resulting viscous liquid
was added to the K,CO; (2 equiv) solution to yield the precipitated
product. The product was then dried at 60 °C in a vacuum oven for
12 h. Yield: 5.5 g (63%).

'"H NMR (400 MHz, DMSO-d;) 6 7.42 (d, J = 9.0 Hz, 2H), 6.90
(d, J = 9.0 Hz, 2H), 3.93 (t, ] = 6.5 Hz, 2H), 2.97—2.89 (m, 2H),
1.76—1.61 (m, 2H), 1.62—1.46 (m, 2H), 1.46—1.15 (m, 12H).

Potassium((trifluoromethyl)sulfonyl)((10-(4-vinylphenoxy)decyl)-
sulfonyl)amide (4). 3 (2.6 g, 5.0 mmol), vinylboronic pinacol ester
(930.0 mg, 6.0 mmol), palladium acetate (45.4 mg, 0.2 mmol), SPhos
(165 mg, 0.4 mmol), tripotassium phosphate trihydrate (4.1 g, 15.3
mmol), and degassed 1,4-dioxane (14 mL) were added to a round-
bottom flask under inert argon. Then, the reaction mixture was stirred
at 80 °C for 3 h under argon. After the reaction, the mixture was hot-
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filtered and then allowed to cool down to room temperature. Then, it
was diluted with acetone (60 mL). The suspension was filtered, and
the liquid phase was collected. The resulting mixture was rotary-
evaporated and then purified by column chromatography (SiO,,
acetone/hexanes). The obtained dissolved material in an acetone
concentrate was then precipitated twice with hexanes. A yellowish
powder was obtained. Yield: 1.4 g (54%).

'"H NMR (400 MHz, DMSO-d,) 6 7.38 (d, ] = 8.6 Hz, 2H), 6.89
(d, J = 8.8 Hz, 2H), 6.65 (dd, ] = 17.7, 11.0 Hz, 1H), 5.65 (dd, ] =
17.7, 1.1 Hz, 1H), 5.09 (dd, J = 10.9, 1.0 Hz, 1H), 3.95 (t, ] = 6.6 Hz,
2H), 2.99-2.86 (m, 2H), 1.73—1.60 (m, 4H), 1.47—1.16 (m, 12H).

FE NMR (376 MHz, DMSO-d,) 6 —77.52.

Poly(Lithium((trifluoromethyl)sulfonyl)((10-(4-vinylphenoxy)-
decyl)sulfonyl)amide) (LiPSCT0TFSI). 4 (0.5 g, 1.0 mmol), AIBN (1
wt %), and DMF (1.2 mL) were charged into a round-bottom flask
and degassed by three cycles of freeze—pump—thaw. The reaction
mixture was stirred at 68 °C overnight while purging with nitrogen on
a Schlenk line. After the reaction, the mixture was diluted in acetone
and then dialyzed first in 0.25 M LiCl for three exchanges and then in
DI water for three exchanges to remove impurities and exchange to
the Li* counterion form. The obtained product was dried in a vacuum
oven at 180 °C for 24 h. Yield: 0.23 g (49%).

'H NMR (400 MHz, DMSO-d,) & 7.20—6.20 (m, 4H), 3.98—3.70
(m, 2H), 2.96—2.84 (m, 2H), 2.00—1.00 (m,19H).

Li ICP-OES: 1.44% (found), 1.45% (calc.).

10-Hydroxydecane-1-sulfonate (5). The reaction procedure
follows the synthesis of 2, while 10-bromo-1-decanol (15.0 g) was
used. The obtained Na* product was dissolved in water and passed
through a column of Dowex resin (proton form). The product was
dried in a vacuum oven at 60 °C to remove water. A waxy solid was
obtained. Yield: 13.3 g (62%).

'H NMR (400 MHz, DMSO-d) 6 3.36 (t, ] = 6.5 Hz, 2H), 2.50—
243 (m, 2H), 1.56 (p, J = 7.5 Hz, 2H), 1.43—1.35 (m, 2H), 1.35—
1.18 (m, 12H).

Triethylammonium 10-(Methacryloyloxy)decane-1-sulfonate
(6). 6 (2.5 g, 11.2 mmol), triethylamine (3.6 mL, 25.7 mmol), and
anhydrous DCM (30 mL) were loaded in a dry round-bottom flask
under nitrogen protection. The reaction flask was placed in an ice/
water bath. Then, the methacryloyl chloride (1.3 g, 12.4 mmol) in
anhydrous DCM (15 mL) was added dropwise. The reaction mixture
was allowed to stir in the ice/water bath for 2 h and then at room
temperature overnight. Then, 10 mL of water was added to the
mixture. The oil phase was collected, and the solution was washed
with water (15 mL X 3). A liquid product was obtained after removal
of DCM and drying at room temperature over P,Os in a vacuum
oven. Yield: 2.1 g (47%).

'H NMR (400 MHz, DMSO-d) 6 9.73—8.39 (s, 1H), § 6.05—5.97
(m, 1H), 5.71-5.63 (m, 1H), 4.08 (t, ] = 6.6 Hz, 2H), 3.09 (q, ] = 7.3
Hz, 6H), 2.41-2.32 (m, 2H), 1.63—1.46 (m, 4H), 1.42—1.20 (m,
12H), 1.17 (t, ] = 7.3 Hz, 9H).

Potassium((10-(methacryloyloxy)decyl)sulfonyl)-
((trifluoromethyl)sulfonyl)amide (7). The reaction procedure follows
the synthesis of 3, while 7 (4.0 g) was used. Yield: 1.6 g (34%).

'"H NMR (400 MHz, DMSO-dg) 6 6.05—5.97 (m, 1H), 5.71—5.63
(m, 1H), 4.08 (t, ] = 6.9 Hz, 2H), 2.98—2.87 (m, 2H), 1.87 (s, 3H),
1.70—1.54 (m, 4H), 1.42—1.20 (m, 12H).

F NMR (376 MHz, DMSO-dg) § —77.54.

Poly(lithium((10-(methacryloyloxy)decyl)sulfonyl)-
((trifluoromethyl)sulfonyl)amide) (LiPMACTOTFSI). The reaction
procedure follows the synthesis of S, while 8 (1.0 g) was used.
Yield: 0.45 g (45%).

'H NMR (400 MHz, DMSO-d,) & 4.09—3.64 (m, 2H), 3.04—2.78
(m, 2H), 1.82—0.58 (m, 21H).

Li ICP-OES: 1.54% (found), 1.56% (calc.).

Triethylammonium 10-(Acryloyloxy)decane-1-sulfonate (8). The
reaction procedure follows the synthesis of 7, while acryloyl chloride
(2.2 g) was used in lieu of methacyloyl chloride. Yield: 2.3 g (35%).

'H NMR (400 MHz, DMSO-dg) 6 9.73—8.39 (s, 1H), § 6.32 (dd, ]
=17.3, 1.6 Hz, 1H), 6.17 (dd, J = 17.3, 10.3 Hz, 1H), 5.93 (dd, J =
10.3, 1.6 Hz, 1H), 4.08 (t, ] = 6.6 Hz, 2H), 3.09 (q, J = 7.3 Hz, 6H),
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2.41-2.32 (m, 2H), 1.63—1.46 (m, 4H), 1.42—1.20 (m, 12H), 1.17
(t, J = 7.3 Hz, 9H).

Potassium((10-(acryloyloxy)decyl)sulfonyl)((trifluoromethyl)-
sulfonyl)amide (9). The reaction procedure follows the synthesis of 3,
while 9 (1.9 g) was used. Yield: 1.3 g (35%).

'H NMR (400 MHz, DMSO-d) & 6.32 (dd, J = 17.3, 1.6 Hz, 1H),
6.17 (dd, J = 17.3, 10.3 Hz, 1H), 5.93 (dd, J = 10.3, 1.6 Hz, 1H), 4.08
(t, J = 6.6 Hz, 2H), 2.98—2.86 (m, 2H), 1.74—1.51 (m, 4H), 1.42—
1.20 (m, 12H).

F NMR (376 MHz, DMSO-dg) § —77.53.

Poly(lithium((10-(acryloyloxy)decyl)sulfonyl)((trifluoromethyl)-
sulfonyl)amide) (LiPACTOTFSI). The reaction procedure follows the
synthesis of S, while 10 (1.2 g) was used. Yield: 0.55 g (46%).

'H NMR (400 MHz, DMSO-d) & 6.32 (dd, J = 17.3, 1.6 Hz, 1H),
6.17 (dd, J = 17.3,10.3 Hz, 1H), 5.93 (dd, J = 10.3, 1.6 Hz, 1H), 4.08
(t, J = 6.6 Hz, 2H), 2.98—2.86 (m, 2H), 1.74—1.51 (m, 4H), 1.42—
1.20 (m, 12H).

'H NMR (400 MHz, DMSO-d,) & 4.10—3.68 (m, 2H), 3.07—2.81
(m, 2H), 1.82—0.58 (m, 19H).

Li ICP-OES: 1.60% (found), 1.61% (calc.).

Characterization. 'H and '’F NMR spectra were acquired on a
Bruker AVANCE III HD 400 Nanobay spectrometer at room
temperature with 32 scans. Inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was conducted with a Perkin
Elmer Optima 8000 system with Prep3 to determine the Li* content.
The thermal properties of the side-chain polymers were studied by
differential scanning calorimetry. A TA Instrument Q2000 was
utilized to monitor the thermal events with a N, purge rate at 50 mL/
min. Polymer samples were ramped up to 250 °C and allowed to
stand for S min to erase thermal history. Then, a cool-and-heat cycle
was applied at a ramp rate of 10 °C/min with a lower temperature of
—100 °C and without additional isothermal periods. Small- and wide-
angle X-ray scattering (SAXS/WAXS) tests were conducted at the
Advanced Photon Source Synchrotron beamline 12-ID-B run by the
Chemical and Materials Science Group at Argonne National
Laboratory. Samples were loaded into 1.5 mm (Charles Supper
Co.) quartz capillaries in argon atmosphere and sealed with epoxy.
The wavelength of the X-ray beam was 0.9322 A corresponding to
13.3 keV, and the exposure time was 0.1 s. Scattering data was taken
upon cooling from 180 °C with 10 min stabilization time at each
measurement temperature. Dielectric relaxation spectroscopy was
obtained with a Novocontrol broadband dielectric spectrometer
coupled with an a-A high-performance frequency analyzer in the
range of 1 MHz to 0.1 Hz with an AC amplitude of 0.3 V. The
samples were sandwiched between two gold-coated plate electrodes
with a diameter of 10 mm, and SO ym glass fibers were used as spacers
to maintain the sample thickness. Measurements were recorded on
cooling, with 10 min stabilization at each temperature. Before testing,
samples were conditioned at 180 °C between electrodes to ensure
proper contact. Size-exclusion chromatography was recorded with a
Waters 1515 Isocratic HPLC, a Waters 2487 Dual 1 Absorbance
Detector (264 nm), and a Waters 2414 Refractive Index Detector in
series with Agilent PolarGel columns (2 X PolarGel-M (mixed pore
size; particle size 8 ym)) and a 1 X PolarGel-M guard. The samples
were eluted using 0.1 M LiCl in dimethylformamide (DMF) at the
flow rate of 0.6 mL/minute. Apparent molar masses and molar mass
distributions were determined using calibration curves from narrow
poly(ethylene glycol) (PEG) calibrants.

B RESULTS AND DISCUSSION

Chemistry of Side-Chain Single-lon Conducting
Polymer Electrolytes. Synthesis of side-chain single-ion
conducting polymer electrolytes with —sulfonyl—
(triftuoromethylsulfonyl)imide (—TFSI”) anions has rarely
been reported because of the harsh condition needed for
functionalization. In our previous work, we had synthesized
lithiated poly(para-phenylene)-based polymers (including
LiPPCI0TEFSI, with 10 methylene spacers on the side chain
terminated with —TFSI"Li*) by Negishi coupling polymer-
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Scheme 1. Synthesis Routes for Polymers LiPSC10TFSI, LiPMAC10TFSI, and LiPAC10TFSI
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ization.”**> However, the polymer molecular masses are low,
which does not favor good mechanical properties, and the
ionic mesophase morphology is found to be mostly a
hexagonal phase likely due to its linear backbone conforma-
tion. Thus, we explore new monomers with double bonds that
are available for free-radical polymerization and have potential
for living polymerizations. Polystyrene, polymethacrylate, and
polyacrylate backbones were chosen for their differences in
polarity, homopolymer glass-transition temperatures, and ease
of side-chain functionalization.

The synthesis of the polystyrene-derivative (LiPSC10TFSI),
polymethacrylate-derivative (LiPMAC10TFSI), and polyacry-
late-derivative (LiPAC10TFSI) side-chain polymers with 10
methylene spacers on the side-chain terminated with
—TFSI"Li* is shown in Scheme 1, and the '"H NMR spectra
for the corresponding monomers are shown in Figure 1. The
route for LIPSC10TFSI contains five steps in total, including a
sulfonation reaction that requires high temperatures (95 °C)
and prolonged time (24 h). This reaction is completed before
the formation of the double bond to prevent premature
polymerization. A potassium form (rather than Li or Na) of
intermediate 3 is preferred because it improves the solubility in
1,4-dioxane and thus increases the reaction yield of the fourth
step. In addition, the fourth step using a Suzuki coupling
reaction in a relatively mild condition to add the vinyl bond
gave satisfactory yield (54%) and avoided premature polymer-
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ization. Similarly, the synthesis of LiPMACIOTFSI and
LiPAC10TFSI also adapted a sulfonation step before
functionalization by the methacrylyl chloride or acryloyl
chloride. However, the yield of step 3 is lower, which might
be because of the high polarity of the ester group that results in
increased loss during the aqueous washing procedure. We did
not attempt to optimize the yields.

Size-exclusion chromatography (Figures S1 and S2) shows
that LIPSC10TFSI has a weight averaged molecular mass (M,,)
of 62.6 kDa with a dispersity (D) of 3.18, LIPMAC10TFSI has
a M,, of 125.5 kDa with a D of 4.14, and LiPAC10TESI has a
M, of 24.9 kDa with a D of 2.07. The molecular masses of the
newly synthesized polymers are all higher than that of
LiPPC10TFSI, with a M, of 18.9 kDa and P of 2.37.

Thermal and Structural Characteristics. The glass-
transition temperatures (T,) revealed by differential scanning
calorimetry (DSC) are presented in Figure 2. The
LiPMACI0TFSI displayed a calorimetric T, of 107 °C,
which is higher than the T,s of 73 and 62 °C for LiPAC10TESI
and LiPSC10TES], respectlvely It should be noted that the T,s
of poly(methyl methacrylate) and poly(methyl acrylate) are
~10S and ~10 °C, respectively, while the T, of polystyrene is
at ~100 °C.*° As has been discussed in a prev10us work, the

calorimetric T, of LIPPCxTFSI decreases with increasing side-
chain length because of enhanced internal plasticizer effect.”®
Similarly, LiPSC10TFSI also presented a lower T, due to the
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Figure 1. '"H NMR (in DMSO-d,) of monomers 4, 8, and 9, and their peak assignments.
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Figure 2. DSC thermograms of LiPSCI0TFSI, LiPACI0OTESI, and
LiPMACI10TFSI on heating run at the rate of 10 °C/min.

side-chain plasticizer. On the contrary, the T, of LiP-
MACI0TESI did not show such a decline with the same
side chain and the T, of LIPACI0TFSI is significantly higher
than the underivatized polymer. It has been reported that due
to the plasticization effect, the alkyl decyl side chain reduces
the T, to —45 °C for poly(decyl methacrylate),”” and the
dynamic shear T,s of poly(decyl acrylate) and poly(decyl
methacrylate) are both near —25 °C.** Thus, the lack of
substantial T, reduction for LIPMAC10TFSI and LiPAC10TE-
SI compared with the underivatized polymers can be attributed
to the polar—polar interactions added by the ester group on
the backbone, which slows down the dynamics and promotes
glass-forming in the polymer bulk.””
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The effect of chemical structure on physical properties of
LiPSC10TFSI, LiPMACI10TESI, and LiPACI10TFSI was
further elucidated by X-ray scattering. In Figure 3, small-
angle X-ray scattering—wide-angle X-ray scattering (SAXS-
WAXS) patterns are displayed at various temperatures upon
cooling.

LiPSC10TESI presented distinctive mesophase separation.
The polymer exhibits a layered ionic phase morphology
represented by peaks at g = 0.2 A™' and so on. The interlayer
distance of 3.1 nm suggests that the —TFSI™ groups within the
layered ionic domains are interdigitated, as this distance is
substantially longer than a single monomer unit but shorter
than two head-to-head units lacking interdigitation (Figures
S1S and S16). It is worth noting that the layered ion clusters
are stable even at the highest temperature of 180 °C (453 K),
meaning that the interaction between pairs of Li* and —TFSI™
is sufficient to preserve the ion clusters from thermal
fluctuation. Assuming a spherical assembly of mesophase

. . 22K . .
grains, the Scherrer equation, d = AL, where d is the domain
q

size, K = 0.9 is a constant, and Aq is the full width at half
height of the primary smectic peak after removal of
instrumental broadenin§, estimates the size of the grain is at
the scale of 200 nm.””~*> We note that no sharp peak is
observed in the high ¢ WAXS region (¢ > 1 A™"), indicating
that both the hydrophobic and hydrophilic phases are locally
disordered. Therefore, this material may be classified as a
thermotropic, polymeric ionic liquid crystal.”’

In contrast, LIPAC10TFSI, which has polar groups on the
backbone, displayed a single broad peak in the intermediate g-
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Figure 3. SAXS-WAXS patterns of (a) LiPSCL0TFSI, (b)
LiPAC10TFS], and (c) LiPMAC10TFSI recorded on cooling.

region at 0.42 AL indicating an average correlation length of
149 A with a wide distribution. Similarly, LIPMAC10TFSI

showed only a broad peak in the intermediate g-region at 0.44
A indicating an average correlation length of 14.2 A. This
effect has also been discussed by Gin and co-workers that
methacrylate monomers prevent ionic molecules from forming
an ionic liquid crystalline phase.34 Additionally, MD
simulations have indicated that a high dielectric constant
results in dissociation of ionic clusters.'"" The phase
morphology can also be a function of the hydrophobic
content. Previous research has suggested that long paraffin
functionality could lead to ion clusters even with more polar
ester groups on the polymer backbone.'” It is reasonable to
speculate that methacrylate and acrylate backbone polymers
would form ion cluster phases if the methylene spacer content
was higher.” Nanoscale phase segregation is observed for
methacrylate and acrylate alkyl side-chain polymers lacking
ionic functionalization.”®*® Both LiPACIOTESI and LiP-
MACI0TESI also exhibit a broad peak in the high ¢ WAXS
region, indicating both the hydrophobic and hydrophilic
phases are locally disordered in these polymers.

lonic Conductivity. The direct current (dc) ionic
conductivity of the polymers was determined by taking the
plateau value of the real part of the dielectric conductivity
spectrum, and the conductivity values as a function of
temperature are shown in Figure 4.7 At 110 °C,
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Figure 4. Temperature-dependent ionic conductivities of
LiPSC10TFSI, LiPAC10TFSI, LiPMACI10TFSI, and LiPPC10TFESI
Lines represent VFT fits. The data for LIPPCI0TFSI was originally
published in ref 24.

LiPMACIO0TESI, LiPSCI10TESI, LiPAC10TFSI, and
LiPPC10TESI have conductivities of 4.1 X 107!} 6.0 X
107%,2.5 X 107% and 2.0 X 1077 S/cm, respectively. While the
conductivities of LiPSC10TFSI, LiPACI10TESI, and
LiPPC10TESI have similar Vogel—Fulcher—Thammann
(VFT) temperature dependencies, LIPMACI0TESI shows a
much lower conductivity and its value decreases faster upon
cooling. The reasons for the lower ionic conductivity of
LiMACI10TEFSI are examined in the following dielectric and
ion transport analysis section. The VFT fit parameters are
displayed in Table 1 for ¢ = o, exp(—B/(T — T,)), where o, is
the pre-exponential factor, B is the pseudoactivation energy,
and T, is the temperature at which the relaxation time
diverges.”®> We note that all of the polymers were in their
molten state during the experiment because the measurement
temperatures are above the DSC T,s. Their ionic conductiv-
ities all approached 107> S/cm at DSC T, which is higher
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Table 1. VFT Fitting Parameters of Conductivity Curves and Glass-Transition Temperatures of LiPSC10TFSI, LiPAC10TFSI,

and LiPMA10TEFSI

sample 6o (S/cm) B (kJ/mol-K)
LiPSC10TESI 0.065 + 0.002 6.00 + 0.04
LiPAC10TFSI 0.204 + 0.017 8.51 £ 0.13
LiPMACI10TFSI 1.223 + 0.592 9.55 + 0.60

T, (K) DRS T, (K) DSC T, (K)
267 323 335
249 314 346
274 353 380

than the universal value of 107"* S/cm for common ionic
liquids where the ionic conductivity linearly scales with the
structural relaxation rate.””*" Typically, this behavior is
attributed to the decoupling effect between structural
relaxation and ionic conduction, where the polymeric ionic
liquids have high backbone rigidity.*’ The decoupling index
has been defined using the formulation Ry(T,) = 15 +
log 64.(T,)."* Accordingly, LIPMACI0TFSI, LiPSCI0TFSI,
LiPAC10TFSI, and LiPPC10TFSI have RO(Tg) values of 4.6,
3.9, 4.6, and 4.0, respectively. Such a decoupling phenomenon
has been observed in several other PIL systems as a result of
restricted segmental dynamics.*’

Dielectric and lon Transport Analyses. Information
about dielectric relaxation of LIPMACI10TFSI, LiPSC10TFSI,
and LiPAC10TFSI was obtained by fitting the real part of
dielectric constant (&) data to the Havriliak—Negami (H—N)
model to elucidate the ion transport mechanism.*® Figure 5

o S E——

A LiPSC10TFSI
5 e LiPMAC10TFSI |
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Figure 5. H—N model fitting of the dielectric constant (&) at 110 °C.
Solid lines are fitting of the dielectric relaxation and ion transport.
Dashed lines are the contribution of the dielectric relaxation.

presents an example of data processing. The & at 110 °C
contains three major contributions: electrode polarization at
low frequencies, ion transport at intermediate frequencies, and
dielectric relaxation at high frequencies. The following
equation is used to fit the intermediate to high frequency data.

* Ae

’ . io =S
=& —ie =¢ —M+—+Aw
[1 + (itgnw)”]

IN0)
(1)

Here, &” is the imaginary dielectric constant, a and f are two
shape parameters, Ae is the dielectric relaxation strength, 7y
is the H—N relaxation time, & is the vacuum permittivity, &, is
the dielectric constant at infinite high frequency, o is the
conductivity, and A and S are two constants. For each sample
at each temperature, we found that a single-term H—N fitting
can provide satisfactory fitting quality, consistent with our
previous examination of the ionic side-chain poly(para-
phenylene)s.”> We interpret that the ionic cluster relaxation

€ 0
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of LiPSCIOTESI and local structure rearrangement of
LiPMACIO0TFSI and LiPAC10TESI, which are responsible
for the observed dc ionic transport, are characterized by very
broad time distribution because of the large number of polar
groups that are involved in these processes.” However, the
limitation of the frequency range might exclude observation of
faster Li* motion such as local hopping or exchange between
neighboring positions.

To probe the time constant of the dielectric relaxation
behavior, eq 2 is used to calculate the maximum angular
frequency (@), or dielectric relaxation rate, by parameters

gained from H—N model fitting.
1/a -1/a
J =5
(2)

As a result, @, data are shown in Figure 6. At 110 °C, the
@ o of LIPMACI10TESI is 30 rad/s, which is 1033 lower than
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Figure 6. Maximum dielectric relaxation rate (w,,,,) as a function of
inverse temperature. Lines are VFT fits extrapolated to 0.01 rad/s.
The data for LiPPC10TFSI was originally published in reference 24.

the 6.9 X 10* rad/s of LiPSC10TFSL This is similar to the
magnitude of difference between their ionic conductivities. It is
apparent that LIPMACI10TFSI has a much lower relaxation
rate than the other samples, in agreement with the conductivity
curves. This result implies that Li* conductivity in all four of
these polymers is governed by the ionic and polar group
relaxations. Additionally, the curves in Figure 6 have a similar
temperature-dependence as the conductivity. By extrapolating
the curves to 0.01 rad/s, we yield the dielectric relaxation glass-
transition temperatures (DRS Ts) for LIPMAC10TSFI as 353
K, LiPSCIOTFSI as 323 K, and LiPACIOTESI as 314 K, a
difference with the DSC Tes of 27, 12, and 32 K, respectively.
A similar thermal decoupling observation has also been
reported in our previous contribution.”* An analogous level
of difference between DRS and DSC Ts has rarely been
reported for PIL conductors. While LiPMACI10TESI and
LiPACIOTESI have a similar chemical structure and
morphology, they showed distinctive differences in ionic
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Figure 7. Tonic conductivity plotted against reduced temperatures, (a) reduced by DSC T, and (b) reduced by DRS T,. The data for LIPPC10TFSI

was originally published in ref 24.

conductivity and relaxation rates as a result of different
rigidities provided by the methyl group on the backbone of
LiPMACIO0TES]I, as shown in both Figures 4 and 6.

DRS T, is more sensitive to ion transport than the overall
structural relaxation.”* The difference between DRS and DSC
Tgs is thus related to the gap between ion transport relaxation
and structure relaxation. We hypothesize that the origin of this
phenomenon is that the smaller mobile Li* can have more
localized jumping, whereas structure relaxation is not required
for or the cause of that local ion motion. This situation is in
line with the highly fragile PEO-based conductors, where loose
packing of rigid polymer chains leads to decoupled Li*
motion.*** Backbone rigidity has been found to lead to
decoupled ion transport in PILs because of frustrated packing
and free volume.* In the case of Li*, its size is smaller than free
ions that have usually been explored in PILs. Thus, it should be
easier for Li" to transport in the free volume of the packed ion-
rich domains here.

To further illustrate the ion transport mechanism in these
polymers, the ionic conductivity is presented against
normalized temperatures by DSC T, and DRS T, respectively.
The level of agreement in the normalized conductivities
between samples is an indication of whether the dc conduction
mechanism is related to the normalization parameter (here,
either DSC T, or DRS T,) in the same way between samples.

As shown in Figure 7a, the DSC T, normalized conductivity
of LIPMACI0TEFSI is very close to that of LiPSC10TFSI and
LiPAC10TFSI. We highlight that a similar conclusion has been
made by studying salt-doped PILs with a weakly aggregated
morphology in both experiment and simulation, where the
DSC T, normalized conductivity was found to be similar
regardless of the extent of ion aggregation.”” The difference in
the DSC T, normalized conductivity for the newly reported
polymers compared with LiPPCIOTFSI is understood by
considering the backbone stiffnesses and interaction of
backbones with the conducting species. The backbone of
LiPPC10TFSI is highly rigid, yet the structural dynamics are
decoupled from the ion dynamics due to the nanoscale phase
separation. These combined effects result in the DSC T,
normalized conductivity of LiPPCI10TFSI being higher than
all of the others, regardless of similarity or difference in the ion
cluster morphology (and hence the local environment of the
cation).
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In Figure 7b, where DRS T, is used for normalization, all
four curves are somewhat similar (within an order of
magnitude), while data for LIPSC10TFSI and LiPPC10TFSI
(both materials with ion clustering) collapse to one common
curve. Data in Figure 7b for LiPSC10TFSI and LiPPC10TFSI
demonstrate that the ionic group relaxation is responsible for
ion transport regardless of the nanoscale ionic phase
morphology. VFT-type ionic conductivity has been reported
for a wide variety of polymer electrolytes, including main-
chain-type ionomers with strong ionic phase separation, where
a decent master curve is produced with the glass-transition
temperature shifting.'”'**"*> More importantly, we report
here that polymers with isotropic, layered, and hexagonal ionic
phases have nearly common ionic conductivity curves when
the temperature is reduced by DRS T,. The polymers with
more polar backbones and disordered ionic clusters exhibit a
lower DRS T, normalized conductivity, potentially due to the
decreased effective number of mobile ions or the contribution
of the polar backbone functionalities to the extracted dielectric
relaxation.

The static dielectric constant & was obtained by summing
Ae and g, from H—N model fitting and is displayed in Figure
8. The &, values for LIPMAC10TFESI and LiPAC10TFESI are
similar and higher than those of the other polymers with
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Figure 8. Static dielectric constant (&) of studied polymers at various
temperatures. Dotted lines are guides for the eyes. The data for
LiPPC10TESI was originally published in ref 24.
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nonpolar backbones. We cannot distinguish if this effect is due
to the difference in morphology or the difference in backbone
polarity between the polymers. We hypothesize that the strong
interaction between Li* and the polar group in these polymers
restricts the alignment or reorientation of dipole moments,
thus leading to lower & than is commonly observed for PILs. It
is observed that &, shows an increasing trend as the
temperature increases, unlike Onsager predictions where &
decreases as the temperature increases.*””** The increase of Ae
with temperature in PILs has been attributed to ion—ion
correlations and also linked to conductivity relaxation, where
the observed dielectric relaxation is dominated by the ion
rearrangement process.”” A similar increase of e with
temperature has also been observed in PEO-based ionomers
at lower temperatures or a higher ion content, where dipole
motion is restricted.”’ >

It is noted that the increased ¢ for the polar polymers does
not result in enhanced conductivity. The ester group
dissociated ionic aggregates as seen via SAXS, resulting in an
isotropic phase and more interactions between the polar
backbone and ionic groups. This interaction restricted the ion
conductivity because it slows down the relaxation dynamics,
which has been studied in amorphous PEO conductors.>

Barton, Nakajima, and Namikawa (BNN) have proposed a
linear scaling theory between ionic conductivity and the
dielectric relaxation rate.”*~>° The BNN relation is empirically
described by ¢ = £y ,,,,&,. Figure 9 displays the resulting scaled
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Figure 9. BNN scaling of the studied polymers where the line
represents the scaling factor B = 1. The data for LIPPCI10TFSI was
originally published in ref 24.

plot where all four polymers fit the universal scaling factor B =
1. This result indicates that the ion rearrangement process
totally governs the Li* transport in all cases.

B CONCLUSIONS AND OUTLOOK

In this contribution, we present synthesis methods to achieve
single-ion conducting polymer electrolytes with full —TFSILi
ion-pair and side-chain spacer functionality. These methods
open up the synthesis routes for single-ion, cation-conducting
polymer electrolytes with a well-defined ionic phase morphol-
ogy. The reaction conditions are mild and have the potential to
be scaled up. Three kinds of polymerizable functional
monomers are reported: styrene, acrylate, and methacrylate
types, with different polarities and rigidities of the backbone. In
addition to free-radical polymerization used in this study, living
polymerization with the reported monomers is expected to

2523

produce narrower dispersity products. The polystyrene-back-
bone side-chain ionic polymer is an ionic liquid crystalline
polymer that forms stable layered ionic phases over a wide
range of temperatures even with a high charge-delocalizing
anion (—TFSI"). In contrast, the polyacrylate- and poly-
methacrylate-backbone side-chain ionic polymers have dis-
ordered ionic aggregates. This synthesis platform has potential
for adoption with various anion chemistries and side-chain
architectures, which might affect the phase morphology and
counterion transport rate.

The Li" transport mechanism in these side-chain polymers
has been correlated with dielectric relaxation, regardless of the
degree of ionic aggregation. This mechanism is confirmed by
comparing the DRS T, normalized Li" conductivity among
amorphous, smectic, and hexagonal phase polymers with
identical side chains. Polymers with ordered ionic phases
segregated from the backbones exhibited nearly identical DRS
T, normalized conductivities. Despite the disordered morphol-
ogy of the polyacrylate- and polymethacrylate- side-chain ionic
polymers, where it is expected that there is an interaction
between the backbone ester-group and Li*, these polymers
exhibit fairly similar real and glass-transition temperature
normalized temperature-dependent conductivity profiles to the
polymers with segregated ionic clusters. The lowest real ionic
conductivity is observed for the polymethacrylate-backbone
side-chain polymer and is attributed to the backbone—cation
interaction along with slow structural relaxation.

The fast ionic conductivity that is characterized by ion
hopping has not been observed in our studies so far. However,
these findings do not mean that ion hopping does not exist in
single-ion polymers with or without ionic phase separation.
Grain boundaries and lack of percolation of ion clusters can
hinder the ion hopping, preventing it from contributing to dc
conductivity. Ionic phases that persist for a longer length scale
with alignment in the direction of the electric field may aid in
the investigation of the in-cluster ion-hopping mechanism.
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