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Decoupling Bulk Mechanics and Mono- and Multivalent lon
Transport in Polymers Based on Metal-Ligand Coordination

Nicole S. Schauser,2# Gabriel E. Sanoja,>t# Joshua Bartels,” Sheetal K. Jain,¢ Jerry Hu,? Song-I Han,¢
Lynn M. Walker,4 Matthew E. Helgeson,> Ram Seshadri,2 Rachel A. Segalman2b*

aMaterials Department and Materials Research Laboratory, PDepartment of Chemical Engineering, cDepartment of
Chemistry and Biochemistry, University of California, Santa Barbara, California, 93106, United States

dDepartment of Chemical Engineering, Center for Complex Fluids Engineering, Carnegie Mellon University, Pittsburgh,
Pennsylvania, 15213, United States

ABSTRACT: Decoupling bulk mechanics and ion conduction in conventional ion conducting polymers is challenging due to
their mutual dependence on segmental chain dynamics. Polymers based on dynamic metal-ligand coordination are promising
materials toward this aim. This work examines the effect of the nature and concentration of metal bis(trifluoromethyl-
sulfonyl)imide (MTFSI) salts on the mechanical properties and ionic conductivity of poly[(ethylene oxide)-stat-(allyl glycidyl
ether)] functionalized with tethered imidazole ligands (PIGE). Varying the cation identity of metal salts mixed in PIGE enables
dramatic tunability of the zero-frequency viscosity from 0.3 kPa s to 100 kPa s. The ionic conductivity remains comparable at
approximately 16 puS cm-! among mono-, di- and trivalent salts at constant metal-to-ligand molar ratios due to negligible
changes in glass transition temperatures at low ion concentrations. Thus, polymers based on metal-ligand coordination ena-
ble decoupling of polymer zero-frequency viscosity from ion conduction. Pulsed-field-gradient NMR on PIGE containing Li*
or Zn?* salts complement electrochemical impedance spectroscopy to demonstrate that both the anion and cation contribute

to ionic conductivity.

Introduction

The outstanding mechanical properties of associating pol-
ymers have enabled novel functional materials for engi-
neering,2 biomedicine,3* and energy storage.®7 Associat-
ing polymers can be formed from a variety of transient in-
teractions including m-m stacking,® Diels-Alder adducts,’
electrostatic forces,'0 hydrogen bonds,? 1112 and metal-lig-
and (M-L) coordination.!3-15> M-L interactions are particu-
larly interesting since they enable precise control of bulk
properties through the nature and concentration of metal-
ligand complexes with well-defined coordination geome-
try and large tunability in interaction timescale.16-17 While
the effect of M-L interactions on the mechanics of associ-
ating polymers has been well-studied,'8-24 the use of such
systems as ion conducting polymers remains relatively
unexplored. A recent investigation on these materials
demonstrates that the zero-frequency viscosity and ionic
conductivity are governed by processes with distinct re-
laxation times, suggesting that the transient nature of the
M-L bonds plays a role in ion transport.2>

The viscoelastic response of associating polymers is gov-
erned by the lifetime of the physical crosslinks. Above the
percolation threshold, these materials behave as elastic
rubbers at shorter times and flow as liquids otherwise.26-
28 The timescale of breakage and reformation of M-L coor-
dination complexes depends on the nature and concentra-
tion of the metal and ligand, parameters that can be read-
ily tuned without significant synthetic efforts.!3 17 This

flexibility results from a strategy in which the polymer is
first synthesized, post-functionalized with a variety of lig-
ands, and finally dynamically crosslinked with a transition
metal salt. Seminal work on poly(4-vinylpyridine) based
on Pd?* or Pt?* coordinated by N,C,N-pincer ligands illus-
trates that the linear mechanical response of polymers
based on M-L interactions is universally described by the
dissociation rate of model small-molecule coordination
complexes.!3 16 However, quantitative prediction of M-L
polymer dynamic moduli using model small-molecule M-
L complexes in solution remains limited, with discrepan-
cies in behavior between the model compounds and their
polymeric equivalents presumably arising as a result of
chain connectivity, solvent concentration, and cooperativ-
ity.20 Nevertheless, the bulk mechanical properties can be
widely controlled based on the identity and concentration
of metal and ligand, enabling the rational design of com-
plex engineering materials.??

Polymer mechanics also plays an integral role in ion con-
duction due to the coupling between ion transport and lo-
cal segmental dynamics.3? Polymers containing solvating
groups, such as ether oxygens in poly(ethylene oxide), fa-
cilitate salt dissociation by preferentially interacting with
the cation while hindering its motion through the polymer
matrix.31-3¢ This issue is exacerbated for multivalent ions
because of stronger interactions with solvating moieties
that result in lower cation mobilities and ionic conductiv-
ities.35-37 These ion-polymer interactions are at the core of
the tradeoff between ion concentration and mobility
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prompting the design of polymer electrolytes with low
glass transition temperatures (Tg).33 3840 However, low Tg
polymers are not mechanically robust at the temperatures
required to operate many energy conversion and storage
devices motivating the development of novel molecular
designs for high-performance materials.4

Previous work to decouple the bulk mechanical and ion
conducting properties has focused on the use of either
nanostructured materials (e.g., block copolymers*2-43 and
polymer nanocomposites*445) or chemically crosslinked
polymer networks.4-47 Although numerous studies on
nanostructured materials have illustrated the role of
structure on ionic conductivity, their bulk performance ul-
timately depends on the long-range ion transport enabled
by the percolation of the conducting domains. Chemically
crosslinked polymer networks are often tedious to opti-
mize because their properties are extremely sensitive to
synthetic conditions. More importantly, these materials
exhibit reductions in the ionic conductivity upon cross-
linking due to an increase in Tz with concomitant detri-
mental effects on segmental dynamics and ion mobility.

This study illustrates the connection between the mechan-
ics and ionic conductivity of a series of polymers based on

M-L coordination composed of mono-, di-, and trivalent
metal bis(trifluoromethylsulfonyl)imide salts (MTFSI) in-
corporated in a poly(ethylene oxide) with tethered imid-
azole groups. As expected from previous investigations on
analogous materials, the dynamic moduli and terminal re-
laxation time are dependent on the identity of the metal
species.!3 16-17 However, in contrast to the dramatic tuna-
bility of the linear viscoelastic response, the ionic conduc-
tivity is relatively independent of salt identity. The ability
to control the terminal relaxation time separately from lo-
cal segmental motion at low ion concentration potentially
enables the decoupling of the bulk mechanical and ion
conducting properties within a specific concentration re-
gime. Comparisons between 7Li and °F pulsed-field-gra-
dient NMR with electrochemical impedance spectroscopy
in the polymer mixed with LiTFSI and Zn(TFSI)2 reveal
that the TFSI- anion is not the only species contributing to
conductivity, suggesting that Li* and Zn?* contribute to the
ionic conductivity. While the ion-conducting polymers in-
vestigated here do not possess conductivities high enough
for device application, the ability to decouple the polymer
mechanical response from the ionic conductivity repre-
sents a promising route for future optimization.

Scheme 1. Synthesis of imidazole-functionalized PIGE copolymer and subsequent addition of metal salts allows for
unique control of bulk properties. Various MTFSI salts (Li*, Ni2*, Cu?+, Zn2?+, and Fe3+) are added in controlled molar
ratios of metal to imidazole ligand (r-ratios) to understand the role of M-L interactions and concentration on me-
chanical properties and ionic conductivity. The cations preferentially coordinate with the imidazole ligand, forming

dynamic cross-links between polymer chains.
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Experimental
Synthesis of imidazole-functionalized copolymer (PIGE)

The synthesis of the imidazole-functionalized poly[(eth-
ylene oxide)-stat-(allyl glycidyl ether)] (PIGE) polymer
used in this study was previously reported in Sanoja et al
(Scheme 1) and is based on a combination of ionic copoly-
merization and click chemistry.?5 First, the allyl function-
alized copolymer (PEO-stat-PAGE) was synthesized using
epoxide ring opening anionic copolymerization of eth-
ylene oxide (EO) and allyl glycidyl ether (AGE), followed
by UV (365 nm) activated thiol-ene click chemistry of N-
(2-(1H-Imidazol-1-yl)propyl)-4-mercaptobutanamide

(Im-SH). The resulting polymer was dried in vacuo at 55
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°C and immediately transferred to a nitrogen glove box to
mitigate moisture uptake.

Synthesis of polymers PEO-stat-PAGE and PIGE containing
metal salt

Samples of ion-conducting polymers were prepared in a
nitrogen glove box by mixing stock solutions of polymer
and anhydrous metal salts (0.1 M) in anhydrous methanol.
The metal salts used for this study were LiTFSI, Ni(TFSI)z
and Fe(TFSD)s (anhydrous, Alfa Aesar), and Zn(TFSI)z and
Cu(TFSI)2 (anhydrous, Alfa Aesar and Solvionic). Salts
from two manufacturers were acquired for Zn?* and Cu?*,



with subtle differences detected throughout the measure-
ments. Unless explicitly stated, the measurements re-
ported here are for salts sourced from Alfa Aesar. Con-
trolled ratios of metal cation (M#*) to imidazole (Im) ligand
(r = [M=*]:[Im]), for PIGE, or equivalently of metal cation to
AGE (r = [M*]:[AGE]) for PEO-stat-PAGE polymers, of
r=0.05,r=0.083 and r = 0.1 were prepared by stoichio-
metrically mixing appropriate amounts of the polymer
and salt solutions. The resulting solutions were stirred in
the glove box at 40 °C until they were homogenously
mixed.

Molecular characterization

Size exclusion chromatography was performed on a Wa-
ters instrument using a refractive index detector and Ag-
ilent PL gel 5 pm MiniMIX-D column. THF at 35 °C was
used as the mobile phase with a flow rate of 1.0 mL min-1.
Polydispersity index (P) was determined against PEO nar-
row standards (Agilent). 'H NMR spectra were collected
on a Bruker Avance DMX 500 MHz. The molecular weight
of the precursor PEO-stat-PAGE copolymer was deter-
mined using 'H NMR end-group analysis (Figure S1). This
spectrum was collected in CDCl3 at a polymer concentra-
tion of 60 mg mL-! with 128 scans and a pulse delay time
of 5s.

General protocol for sample preparation

All polymer samples were handled in a nitrogen glove box
prior to characterization. Samples were drop cast from so-
lution onto substrates (Teflon, clean ITO-coated glass, or
aluminum DSC pans), and dried in vacuo at 55 °C first for
8 h in a vacuum chamber in the glovebox (1x10-3 Torr)
and then for 1 h in a high vacuum oven (4x10-8 Torr).

Thermal characterization

Polymer samples were drop cast from solution into stand-
ard aluminum pans and dried as detailed above. The sam-
ples were briefly exposed to air between the final vacuum
step and the sealing of the DSC pans. The glass transition
temperature (Tg) was measured with a Perkin Elmer DSC
8000 on second heating at 20 °C min-! using the onset
method.

Mechanical characterization

Samples with a molar ratio r = 0.1 were drop cast onto Tef-
lon sheets, dried as described above, and transferred to a
TA Instruments ARG2 rheometer operating under dry ni-
trogen flow. Samples were loaded onto a temperature-
controlled platen and contacted with an 8 mm parallel top
plate for measurement. Sample thicknesses were approx-
imately 200 pm. Dynamic frequency sweeps were per-
formed over a range of temperature, frequency, and strain
amplitude of 5 °C to 70 °C, 100 rad s-! to 0.1 rad s-1, and
0.1% to 10%, respectively. Strain sweeps at 10 rad s-! con-
firmed that measurements were performed in the linear
viscoelastic regime (Figure S4). Time-temperature super-
position (TTS) was performed using horizontal shift fac-
tors with a reference temperature of 20 °C. TTS was not
performed for the PEO-stat-PAGE samples, except for the
Ni(TFSI)2 in PEO-stat-PAGE.

1H-7Li 2D heteronuclear correlation NMR

A PIGE sample mixed with LiTFSI at a molar ratio r=0.083
was drop cast onto Teflon, dried as described above, and

packed into a solid-state NMR Teflon 4 mm rotor insert.
The insert was centrifuged to yield a uniform sample, and
subsequently sealed into a 4mm rotor. 1D 'H and 2D 'H-
7Li heteronuclear correlation spectra were collected at a
spinning frequency of 10 kHz at room temperature in a
11.7 T magnet. For the 2D experiment, 128 increments
with 64 number of scans were used with an indirect di-
mension spectral width of 20 ppm for 'H. A recycle delay
of 3 s and cross polarization (CP) contact time of 1.6 ms
were used.

Ionic conductivity characterization

Ionic conductivity was measured using electrochemical
impedance spectroscopy on samples sandwiched between
parallel ITO blocking electrodes. ITO electrodes on glass
substrates were cleaned via subsequent sonications of 5
min with detergent, deionized water, acetone and isopro-
pyl alcohol followed by a 5 min UV/ozone treatment. A
1/8” or 3/16” hole was punched into 150 pm double-sided
Kapton tape to define the cell surface area. Samples with a
molar ratio r = 0.05 and r = 0.1 were drop cast into the
Kapton spacer placed on the ITO coated glass and dried as
described above. Samples were sealed with a second ITO
electrode under inert atmosphere, with sample thick-
nesses ranging from 150 pm to 200 pm. Transparent ITO
coated glass substrates were used to ensure complete con-
tact of the sample to the electrodes. Both the Alfa Aesar
and Solvionic Zn?* and Cu?* salts were investigated. AC im-
pedance measurements were performed using a Biologic
SP-200 potentiostat in a nitrogen glove box. A sinusoidal
100 mV signal was applied over a frequency range of
1 MHz to 1 Hz at temperatures ranging from 30 °C to 90 °C.
The data was converted into dielectric storage and loss,
and the ionic conductivities determined from the real
component of conductivity at the maximum in tan(§).4
This method is equivalent to determining the ionic con-
ductivity from the low frequency intercept of the imped-
ance with the real axis. At least two samples were meas-
ured for each composition.

Determination of lithium transference number

The PIGE and PEO-stat-PAGE LiTFSI ion-conducting poly-
mers at a molar ratio r = 0.083 were further characterized
via DC polarization of symmetric lithium foil - polymer -
lithium foil coin cells assembled in an argon glove box.
Samples were drop cast on Teflon, dried as described
above, and transferred to a 1/8” diameter hole within a 50
um thick Kapton spacer on top of lithium foil. Coin cells
were assembled, transferred to an oven set to 80 °C, and
equilibrated for up to 48 h until the interfacial resistance,
monitored via electrochemical impedance spectroscopy
(EIS), stabilized. This indicated the complete formation of
a solid-electrolyte interphase (SEI) layer. Then, a 100 mV
potential bias was applied and the resulting current meas-
ured as a function of time. EIS measurements were per-
formed periodically to evaluate changes in the interfacial
resistance. Lithium transference numbers were calculated
following the method of Bruce and Vincent#°-50

— Iss(AV — IgRy) (€8]
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Here, AV is the applied potential (100 mV), Ro and Rss are
the initial and steady-state interfacial resistances, respec-
tively, Iss is the steady-state current, and Ia is the initial
current determined from Ohm’s Law
AV (2)
Ip=—

Rq
where Rq is the initial cell resistance (bulk and interfacial)
measured by AC impedance. Using /o instead of the initial
current eliminates measurement errors related to the
speed at which the instrument can record the initial cur-
rent.>!

Pulsed-field-gradient (PFG) NMR

Samples ata molar ratio r = 0.083 were drop cast onto Tef-
lon and dried as described above. In a nitrogen glovebox,
the polymers were packed with a spatula into thick-walled
glass capillaries and centrifuged to yield uniform 4 cm-
long samples. The capillaries were centered in medium-
walled NMR tubes and sealed with high-pressure caps be-
fore measurement.

PFG NMR measurements were performed on a Bruker
Avance Il super widebore spectrometer equipped with a
Bruker DIFF50 diffusion probe tuned to 7Li and '°F nuclei
with replaceable radio frequency (RF) inserts. 1°F diffu-
sion measurements of the TFSI- anion were performed on
the Li* and Zn?* PEO-stat-PAGE and PIGE samples at tem-
peratures ranging from 30 °C to 80 °C. Diffusion measure-
ments were not possible for the Ni%+, Cu?+, or Fe3*-contain-
ing samples due to line broadening by the paramagnetic
relaxation effects. 7Li diffusion measurements were per-
formed between 30 °C and 75 °C on the Li* PEO-stat-PAGE
sample and at 80 °C on the Li* PIGE sample. Lower tem-
peratures for the Li* PIGE could not be explored due to the
low cation diffusion coefficient. Samples were equili-
brated at each temperature for 15 min before measure-
ment. A pulse sequence of stimulated echoes with bipolar
pulses was used to measure diffusion coefficients. The at-
tenuation of the echo (E) was fit to

)
E =exp [—y2g262D(A - §) (3)

where y is the gyromagnetic ratio, g is the gradient
strength, 6 is the gradient pulse length, 4 is the interval be-

tween gradient pulses (diffusion time), and D is the diffu-
sion coefficient. The intervals between gradient pulses
used for the acquisitions ranged from 20 ms to 40 ms for
7Liand from 15 ms to 20 ms for 1°F. The pulse lengths used
for acquisitions ranged from 4 ms to 5 ms for ’Li and 1 ms
to 4 ms for 1°F. For each diffusion measurement, 16 exper-
iments of varying gradient strength up to a maximum of
2300 G cm! were performed. All measured attenuations
were adequately fit with single exponential decays. Two
samples were measured for the PIGE polymers, while only
one was measured for the PEO-stat-PAGE samples.

The PFG NMR experiments were analyzed in the context
of dilute solution theory. Within this framework, an ionic
conductivity can be calculated from the measured diffu-
sion coefficients using the Nernst-Einstein equation52

F? (4)
o= E(ZJEQDJr +z2c_D_)

where F is Faraday’s constant, R is the ideal gas constant,
T is the absolute temperature, and z./-, ¢+/-, and D./- are
the valency, concentration, and diffusion coefficient of the
cation/anion respectively. PFG NMR probes ion diffusion
on a characteristic lengthscale VDA on the order of 1 pm
to 10 um. While the characteristic lengthscale probed by
impedance spectroscopy depends on more complex fac-
tors, it is generally assumed to be roughly equivalent to
that of PFG NMR. Thus, a comparison of the conductivity
extracted from each technique is reasonable, within the
context of dilute solution theory. This theory neglects in-
termolecular interactions and assumes that the ionic spe-
cies are completely dissociated.>? Consequently, there
might be discrepancies between the calculated and exper-
imentally determined ionic conductivities, which could be
due to either the diffusion coefficients measured via PFG
NMR having contributions from a number of associated or
aggregated species (inaccurate D+/- measurements), or in-
complete salt dissociation (inaccurate estimation of c./-
).53-55 In the binary electrolytes investigated in this study,
the anion TFSI- concentration will equal z:c+ under the as-
sumption of full salt dissociation. Thus Equation 4 reduces
to

2

Fec,
o7 (z2D, +z,D_)

(5)




Figure 1. (a) Addition of metal salt to a polymer with tethered ligands results in an equilibrium between M-L coordination and salt
dissociation. The application of an electric field allows for both ions to move, although the motion of coordinated cations is related
to the timescale of metal-ligand coordination. (b) Addition of equal cation:ligand molar ratios (r) results in varying amounts of ani-
ons. In all figures, a fourfold coordination geometry is used for illustrative purposes.

Results and Discussion

To elucidate the effect of the nature and concentration of
M-L bonds on the mechanical and ion conducting proper-
ties of polymers with tethered ligands, an array of mono-
(Li*), di- (Ni%*, Zn?*, Cu?*), and trivalent (Fe3*) MTFSI salts
were incorporated into model PIGE at the controlled mo-
lar ratios of metal cations to pendant imidazoles (r-ratios).
These neutral, nitrogen-linked, and pendant imidazoles
(see Scheme 1) lack mobile protons that might contribute
to the ionic conductivity, while enabling M-L interactions
between the metal cations and the non-aromatic lone pair
of the nitrogen in the imidazole ring. Note that due to the
stoichiometry of salt dissociation, there is an increase in
the concentration of anions with metal valency at constant
r-ratios (Figure 1b). Moreover, the fraction of cations co-
ordinated by imidazole and part of a M-L cross-link will
depend on the preferred complex geometry and is ex-
pected to range between 4 and 6.7 The weak electrostatic
interactions resulting from large and charge-delocalized
TFSI- anions resemble that of ionic liquids, yielding ‘plas-
ticized’ and amorphous polymers which even at high ion
concentrations exhibit low Tgs. A PEO backbone was in-
vestigated because its relatively high dielectric constant
potentially enables sufficient salt dissociation and hinders
ion aggregation to enhance ionic conductivity. Although
the extent of dissociation results from a balance between
the salt lattice energy, ion solvation, and M-L coordination
(Figure 1a), the latter is expected to be the primary inter-
action dictating the bulk polymer properties as the equi-
librium constant for metal cation-imidazole complexation
is significantly larger than that of metal cation-crown
ether solvation.?256-57 In the case of LiTFSI salt in PIGE, this
is substantiated by 'H-7Li 2D NMR heteronuclear correla-
tion, which reveals the proximity of Li* to imidazole lig-
ands (Figure 2). The peak intensities of the imidazole pro-
tons (6.1-8.2 ppm) relative to the aliphatic protons on the
PEO backbone (0-5.8 ppm) is significantly higher in the

heteronuclear correlation (HETCOR) spectrum of 'H cou-
pled to 7Li compared to direct 1D 'H spectrum, as illus-
trated in Figure 2. In the 1D 'H spectrum the ratio of the
peak integrals of 6.1-8.2 ppm to 0-5.8 ppm peaks is ~0.13
which increases to ~1.32 in the HETCOR spectrum. This
implies that the aliphatic protons are weakly coupled to
the Li* whereas the imidazole protons have a relatively
strong interaction to the Li* due to spatial proximity. The
other cation species are expected to follow similar behav-

ior.
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Figure 2. Solid-state NMR spectra demonstrate that cations
interact preferentially with imidazole ligands. (a) 2D HETCOR
1H-7Li spectrum. (b) Comparison of 1D 1H spectrum (red)
with the projections of H dimension (blue) from the 2D spec-
trum. This highlights the relative intensity changes of the 'H
peaks.

The dynamic nature of these M-L coordination bonds also
allows for bond breakage and reformation on time scales
that facilitate long-range cation transport. This mecha-
nism of ion conduction is fundamentally different from
that of anions as these weakly interact with polymers and
have motion primarily dependent on the local segmental
dynamics. Cation conduction through these systems
would be maximum with extremely labile M-L coordina-
tion bonds. This physical picture is similar to that of con-
ventional polymer electrolytes (PEO) which are composed



of nucleophilic polymer backbones that only solvate cati-
ons. The model PIGE is a statistical copolymer PEO323-
stat-PIGE79 (Mn = 40 kDa, P < 1.2) with a constant mole
fraction of imidazole moieties (xice = 0.17) and was previ-
ously synthesized by Sanoja et. al.2> DSC traces (Figure S3)
demonstrate its amorphous nature, a result consistent
with the suppression of PEO crystallization in an atactic
backbone. The molecular properties and thermal transi-
tions of the various polymers are summarized in Table 1.

Table 1. Properties of ion-conducting polymers.

Polymer ra wthh Tg o o (uS/cm) at

salt  (°C) (uS/cm) T-Tg=90°C
at70°C

PIGE 00 O -33  1.0+0.49 0.470.21

PIGELi* 0.1 4.8 -32 17 %0.37 8.1 £0.35

PIGE 0.1 98 -29

Niz+ 15+1.2 9.3 £0.92

PIGE 0.1 99 -31

Cuz+ (A4) 20+1.8 10 +0.73

PIGE 0.1 99 -25

Cu2+ () 13.61£1.6 10 1.1

PIGE 0.1 99 -28

Zn2+ (A7) 20 0.7 13 +0.33

PIGE 0.1 99 -25

Znz2+(S) 18+1.4 13 +1.1

PIGE 0.1 136 -28

Fe3+ 12 1.1 7.6 £0.70

All polymers are based on the same PIGE precursor synthe-
sized in Sanoja et. al.,25 with a degree of polymerization of EO
of 323 and of AGE of 79. ar = [Mz+:Imidazole].b Determined via
differential scanning calorimetry. (AA)Salt acquired from Alfa
Aesar. ®)Salt acquired from Solvionic.

I. Linear Polymer Mechanics

M-L coordination dramatically changes the bulk mechani-
cal properties, as evidenced by a shift in the linear viscoe-
lastic response to higher modulus and lower frequency
upon incorporation of various MTFSI salts into PIGE (Fig-
ures 3a and 3b). These materials mechanically respond as
dynamic networks with a plateau in the storage modulus
at high frequencies, a crossover of the storage (G’) and loss
modulus (G”), and terminal relaxation similar to that of
liquids.26-26 The neat PIGE polymer is expected to be
weakly entangled based on the molecular weight of the
PEO backbone, with small contributions to elasticity rela-
tive to M-L cross-linking.58 At an r-ratio of 0.1, the rheolog-
ical signature of polymers with Ni?* and Fe3* clearly show
aplateauin G’ and a peak in G” while that of polymers with
Li*, Cu?*, and Zn?* only reveal a slight increase in G’ and
decrease in terminal relaxation time indicating slower
polymer dynamics. Although it is known that both Cu?*
and Zn?* interact with imidazole to form dynamic cross-
links,17.29 there is an almost inconsequential change in the
mechanical response that presumably results from either
a change in cross-link concentration compared to the Ni%
system, or the similarity in time-scale of M-L dissociation
compared to relaxation of the entangled polymer melt. Ad-
ditionally, all but the PIGE with Ni?* and Fe3* show liquid-
like behavior at low frequency as evidenced by the scaling

of G’ ~ w? and G” ~ w. The system based on Ni%*yields the
most dramatic change in the viscoelastic properties. Exist-
ing theories relate the modulus and terminal relaxation
time scale with M-L (“sticker”) binding kinetics.26-27 M-L
dissociation kinetics trends for the equivalent small-mol-
ecule M-L system in aqueous solution do not match the ex-
perimental trend of characteristic relaxation time in this
study (see Supporting Information). As mentioned earlier,
such discrepancies are perhaps expected since kinetic
trends of M-L dissociation in aqueous solution neglect sol-
vent cooperativity and polymer chain connectivity.2? Fur-
ther work is needed to determine the kinetics of M-L dis-
sociation in polymer melts.

The effect of the MTFSI salts on the mechanical properties
can be illustrated more clearly by inspecting the complex
viscosity |n*| =+/(n")? + (in")?, a property which de-
scribes the resistance of a fluid to undergo shear flow.
More specifically, examination of its low frequency plat-
eau 1o (zero-frequency complex viscosity) is more conven-
ient as this accounts for changes in crosslink concentra-
tion, polymer structure, and relaxation times with dy-
namic M-L bonds.!® 28 Figure 3c illustrates an increase in
noupon addition of MTFSI to PIGE for all metal cations ex-
cept for Li*. The rheological similarity between PIGE and
PIGE mixed with LiTFSI suggests that either each Li* inter-
acts with only one imidazole thus not forming temporary
crosslinks, or the timescale for interaction between Li*
and imidazole is short compared to polymer dynamics. In-
terestingly, the increase over three orders of magnitude in
no does not correlate with Ty (Table 1), as the polymer
with Ni?* is significantly more viscous than that with Cu?*
or Zn%* even though they all have Ty ~ -30 °C. This obser-
vation serves to demonstrate that the segmental dynam-
ics, as expressed by Tg, and bulk polymer dynamics, as de-
scribed by no, are decoupled, as the latter depends on the
lability of M-L crosslinks. As will be discussed shortly, this
is the fundamental reason that enables independent con-
trol over the mechanical and ion conducting properties
through the identity of the metal cation.
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Figure 3. Mechanical properties of the polymer change dras-
tically upon the addition of various metal salts. For the PIGE
polymer containing covalently tethered ligands, Ni2+ and Fe3+
cations act as transient cross-linkers resulting in the appear-
ance of a plateau in the storage modulus (a) and peak in the
loss modulus (b) within the accessible frequency-tempera-
ture range. (c) A clearer effect of metal cross-linking can be
seen from the complex viscosity, which increases dramati-
cally with the addition of metal salts except for LiTFSI. Time-
temperature superposition was successfully performed on all
samples.

II. Ion Transport

The ionic conductivity of the PIGE-MTFSI is roughly inde-
pendent of the identity of the metal cation (Figure 4, Ta-
bles 1 and 2). Its Vogel-Fulcher-Tamman (VFT) tempera-
ture-dependence reveals the importance of entropy and

free volume on ion motion. As previously noted, there is a
minimal shiftin Tgacross the polymer series that indicates
that local segmental dynamics are not greatly affected by
cation valency, identity, or anion concentration. This is,
once again, why this material design enables independent
tunability over bulk mechanical and ion conducting prop-
erties.
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Figure 4. The ionic conductivity can be approximately nor-
malized by the ratio of the concentration of metal to imidaz-
ole (r), regardless of ion valency or identity. Each data point
results from an average of at least two different samples; er-
ror bars represent 68% confidence intervals.

Table 2. Ratios of the ionic conductivity of PIGE with
di- and trivalent MTFSI salts to that of the same poly-
mer containing monovalent LiTFSI.

1000 oy  ofy  OFn G4 Olu  Ore
T-Tg T-Tg oy O O, Oy Oy Oy
111.1 9 1.0 1.4 1.6 1.2 1.3 0.8

83.3 12 1.2 16 18 13 13 1.0
66.7 15 1.4 19 19 13 14 1.2

At three different reduced temperatures T-Tg the ratios are
very close to 1 indicating that the ionic conductivity does not
scale with ion valency as predicted by dilute solution theory.
Divalent salts were acquired from AAAlfa Aesar and SSolvionic.

The decoupling of the polymer zero-frequency viscosity
from ionic conductivity upon the inclusion of metal salts
provides a promising route to stiffening polymers without
compromising ion transport. From a fundamental stand-
point, this is a consequence of the molecular processes
governing ion transport and bulk mechanics. While the
former primarily depends on the local segmental dynam-
ics as quantified by Ty, the latter results from polymer self-
diffusion through a sequence of M-L association and dis-
sociation steps. At T = 70 °C, o of PIGE-MTFSI is approxi-
mately 16 puS.cm-! with no observable trend with the iden-
tity of the metal ion, while no increases from 0.3 kPa.s to
100 kPa.s between Li* and Ni?* (Figure 5). Again, the dra-
matic increase in 1o is due to physical cross-linking and
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changes in the lifetime of M-L coordination. These obser-
vations complement our previous investigation on the ef-
fect of ion concentration on the bulk properties of poly-
mers based on M-L coordination?® and allow us to develop
rational design rules for high-performance materials. In
particular, there is an optimum ionic conductivity due to
the competing effects of increasing ion concentration and
decreasing ion mobility,25 with further stiffening enabled
by changing the identity of the metal cation without detri-
mental effects to the ionic conductivity.

T | | | :1><10’4
1x10° * ]
) 4 TA
& 1x10°F 5 5
= : o X107 3
= - ] o
1x10° . ]
Fe— & o
F e T=70°C |
3 r=0.10
2 | | | | | -6
1x10 T 1x10
L* zn®  cu® R NP

Figure 5. Polymers based on M-L coordination enable inde-
pendent control over the mechanical and ion conducting
properties. The zero-frequency viscosity of the material can
be tuned over almost three orders of magnitude with minimal
changes in the ionic conductivity. Error bars represent 68%
confidence intervals.

Examination of the ionic conductivity within the frame-
work of dilute solution theory not only demonstrates a
complex tradeoff between ion mobility, valency, and ion
concentration on ion transport but also serves to further
investigate the fundamental reason why the ionic conduc-
tivity is coupled to segmental dynamics. Normalization of
the ionic conductivity by the r-ratio yields a universal
curve, a scaling behavior that is inconsistent with Equa-
tion 5, and vexing because the anion and overall ion con-
centration increase with metal valency. Assuming (1) full
salt dissociation (strong electrolyte) and (2) that all metal
cations have the same diffusion coefficient, it follows from
Equation 5 that the contributions to the ionic conductivity
from the cation and anion should scale with z.? and z., re-
spectively.>2 These are presumably invalid assumptions,
yet they serve as a starting point to explain ion transport
in polymers based on M-L coordination. If the contribution
to the ionic current would be predominantly from the
TFSI-, a common feature in polymer electrolytes such as
PEO/LiTFS], the polymers with di- and trivalent salts
would have a 2- or 3-fold increase in the ionic conductivity
relative to their monovalent counterpart. Table 2 summa-
rizes the ratio of the ionic conductivity of PIGE with di- and
trivalent MTFSI salts to that of the same polymer contain-
ing monovalent LiTFSI. This ratio is evaluated at three dif-
ferent reduced temperatures (7-Ty) to account for differ-
ences in segmental dynamics among the polymers inves-
tigated, though this correction is inconsequential due to
the negligible change in Ty with the identity of the MTFSI
salts. Only at the lowest reduced temperature (7-Ty =

66.67 K), the PIGE based on Zn?* is approximately twice as
conductive as that based on Li*, but for all other tempera-
tures and metal cations the theoretical scaling does not
hold. Similar results are observed for an r-ratio of 0.05
(Figure S8 and Tables S1-S3). This motivates a thorough
reassessment of the comparison between measured ionic
conductivity and predictions from dilute solution theory,
and suggests that changes in diffusion coefficient or in-
complete salt dissociation likely dominate the behavior of
the M-L polymers studied here.

I1I. Ion Diffusion Coefficients and Dilute Solution Theory

The deviation from dilute solution theory of the ionic con-
ductivity suggests a change in either the ion mobility or
extent of dissociation with metal identity. Pulsed-field-
gradient (PFG) NMR provides a powerful tool to investi-
gate the role of ion mobility on conduction by probing the
self-diffusion coefficients of NMR-active nuclei on a mi-
crometer lengthscale.53-54 5% This technique does not dis-
tinguish between ions and aggregates composed of an
NMR-active species unless their diffusion coefficients or
chemical shifts are distinguishable over the experimental
timescale (i.e., in the absence of fast exchange between ion
and aggregate states). Previous investigations on PEO-
LiTFSI have demonstrated that the ion diffusion coeffi-
cients decrease with ion concentration,>* an observation
attributed to an increase in either polymer viscosity due
to solvation or ion drag force from ion-ion interactions. If
local chain dynamics are critical in the ion mobility of
PIGE-MTFSI, a VFT normalization of the diffusion coeftfi-
cient by Ty should yield a universal master curve irrespec-
tive of metal identity. This is indeed the case when exam-
ining the diffusion coefficient of TFSI- in PIGE with Li* and
Zn?* (Figure 6). The only subtle differences in diffusion co-
efficient not only implies that the metal identity as well as
the anion concentration are only relevant insofar as they
affect the polymer segmental dynamics, but also that these
salts probably do not form significant aggregation, as
changes in polymer viscosity are enough to account for the
difference in diffusion coefficient of the salts. A similar
comparison between the diffusion coefficient of TFSI- in
PEO-stat-PAGE with Li* and Zn?* does not yield the same
universal scaling after normalizing for T, (Figure S9). As
will be discussed later, this is presumably due to incom-
plete dissociation of the MTFSI salts within the PEO-stat-
PAGE, causing ion-ion interactions to affect the anion dif-
fusion coefficient. Thus, we hypothesize that metal-imid-
azole coordination in the Li* and Zn?* PIGE effectively
screens the electrostatic interactions such that the cation
identity and anion concentration do not play a key role on
anion mobility.
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Figure 6. 19F diffusion measurements reveal the nature of the
cation and concentration of the anion do not play a role in the
anion diffusivity in polymers based on M-L coordination. Alt-
hough PIGE with Zn2+ has twice as much TFSI-, the anion is
just as mobile as in PIGE with Li*+ after accounting for differ-
ences in Tg.. (AA) and (S) refer to salt sourced from Alfa Aesar
and Solvionic, respectively.

The anion diffuses faster than the cation in polymers
based on M-L coordination, consistent with previous in-

vestigations on PEO-LiTFSI and presumably due to inter-
actions of the cation with the polyether backbone or imid-
azole ligands.33 7Li PFG NMR experiments on PIGE (Figure
S$10) enable measurement of the Li+ diffusion coefficient
and further calculation of the transference number within
the context of dilute solution theory
__ zDy (6)
t,=——
z,D, +D_

where z. is the valency of the cation, and D.,- are the dif-
fusion coefficients of the cation and anion. This analysis
reveals that the Li* transference number in PIGE (0.19, at
80 °C) is slightly higher than that of the corresponding
PEO-stat-PAGE system (0.15, at 75 °C). While this small
difference could be attributed to temperature effects, the
higher transference number in PIGE could also result from
weaker Li*-polymer interactions in the presence of imid-
azole. Whereas the Li* in the PEO-stat-PAGE polymer are
solvated by ether oxygens and thus tightly wrapped by the
polymer backbone, the Li* in the PIGE interact primarily
with the imidazole, as demonstrated with 'H-7Li 2D het-
eronuclear correlation in Figure 2. This likely facilitates
hopping between adjacent sites in the PIGE. These results
are further supported by comparisons of the transference
number with that determined via conventional chronoam-
perometry (Equation 1) in symmetric lithium foil - poly-
mer electrolyte - lithium foil coin cells (0.18 at 80 °C).*°
The agreement demonstrates that the diffusion coeffi-
cients measured by PFG NMR do not have an important
contribution from ion aggregates.

T | T I T | T | T | * T | T I T | T | T | T
- (a) PEO-stat-PAGE ~ ®4 | (c) PEO-stat-PAGE -
LTFSI  § Zn(TFSIL,(AA) o
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Figure 7. The comparison of measured conductivity values with calculated conductivity suggest incomplete salt dissociation for the
PEO-stat-PAGE, and cation contribution to the conductivity for the PIGE. Conductivity is calculated using diffusion coefficients meas-
ured from pulsed-field-gradient NMR using the Nernst-Einstein equation assuming full salt dissociation. First only anion (TFSI-)
participation in ion conductivity is accounted for, and then for the lithium-containing polymers full participation from both Li+ and
TFSI- is assumed. In the PEO-stat-PAGE samples (a, c), an overestimation of conductivity compared to the measured conductivity
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indicates incomplete salt dissociation, while in the PIGE samples (b, d) TFSI- diffusion underestimates the observed conductivity.
Lithium diffusion adequately accounts for the remaining difference in LiTFSI PIGE (b), suggesting the possibility that zinc might
account for the remaining difference in the Zn(TFSI)2 PIGE (d). Zn(TFSI)2 from Alfa Aesar was used for the PEO-stat-PAGE measure-

ment, while the Solvionic salt was used for the PIGE measurement.

Comparison of the ionic conductivity with predictions from
dilute solution theory indicate that the Li* and Zn?* are mo-
bile in PIGE (Figure 7). In PEO-stat-PAGE with Li*, the ionic
conductivity calculated with Equation 5 over-estimates that
experimentally determined with AC impedance, especially
when accounting for contributions from both ions. This ob-
servation indirectly suggests incomplete dissociation or ag-
gregation of LiTFSI in PEO-stat-PAGE. A similar analysis on
PIGE with Li* reveals that contributions of both the Li* and
TFSI- are required to adequately capture the experimen-
tally measured conductivity. The addition of the imidazole
ligands presumably enhances salt dissociation such that the
Nernst-Einstein relation in Equation 5 adequately describes
the ionic conductivity. This comparison between theory and
experiment becomes useful when analyzing the ionic con-
ductivity and diffusivities of polymers based on Zn?*.

In particular, incomplete dissociation is even more appar-
ent in the PEO-stat-PAGE for Zn(TFSI); than for LiTFSI.
Though a Zn?* diffusion coefficient cannot be measured
with NMR, the ionic conductivity estimated with Equation 5
assuming single-ion TFSI- conductor (D+ = 0) already over-
estimates the measured conductivity value. The Zn?+ PIGE
system, however, underestimates the conductivity when
only taking TFSI- diffusion into account (Figure 7 for Solvi-
onic salt, and Figure S11 for Alfa Aesar salt). This suggests
either the presence of an additional mobile ion, or that the
TFSI- diffusion coefficient measured via PFG NMR does not
adequately capture the true behavior of the ion. A combina-
tion of XRF, 'H and '°F NMR, and Karl Fischer (KF) titration
corroborated the high purity (>99%) of the Zn(TFSI)2 salt,
indicating that the residual conductivity is likely due to mo-
bile Zn?* within the sample. Assuming all Zn?* are dissoci-
ated and mobile, one can estimate with Equation 5 the dif-
fusion coefficient that would be required to obtain the ex-
perimentally measured conductivity value. This analysis
provides a lower bound of a diffusion coefficient of Zn?* in
PIGE of around 3x10-° cm? s-! at 80 °C, which would corre-
spond to a transference number of 0.13 (see Supporting In-
formation). Although the Zn?* diffusion coefficient is about
35% that of Li*, its higher valency provides leeway for an
equivalent contribution to the ionic conductivity at slower
ion motion.

Conclusion

The introduction of metal salts into a polymer matrix con-
taining covalently tethered imidazole ligands enables the
decoupling of mechanical properties from ionic conductiv-
ity. Polymers based on M-L coordination exhibit higher
zero-frequency viscosities compared to the neat entangled
polymer melt, with high sensitivity towards the identity of
the metal cation due to the formation of dynamic M-L cross-
links. In contrast, the ionic conductivity of these materials is
relatively insensitive to the metal cation identity and seems
instead to be a function of cation to ligand ratio. lon mobility
in polymers is dictated to a significant extent by the local
segmental dynamics, which remain largely unchanged with
metal cation identity but depend more strongly on salt con-
centration. These results enable orders-of-magnitude

changes in polymer zero-frequency viscosity with negligi-
ble changes in ionic conductivity. PFG NMR diffusion meas-
urements performed on polymers based on Li* and Zn?*
demonstrate that TFSI- diffusion is insensitive to cation
identity or anion concentration and only depends on poly-
mer Tg. Interestingly this result only holds for the imidaz-
ole-containing polymer and not the PEO-stat-PAGE precur-
sor. Whether this is a function of the extent of dissociation
of the metal salt or is due to the nature of the M-L interac-
tion with pendant imidazole groups merits further analysis.
Lastly, diffusion measurements can be used to estimate an
ionic conductivity assuming full salt dissociation. While it is
known that impedance spectroscopy and PFG probe differ-
ent timescales, this analysis for the PIGE with Zn?+ suggests
that in addition to the TFSI-, Zn2* ions contribute to the ionic
conductivity measured by electrochemical impedance spec-
troscopy. While Zn?* ions appear to have lower diffusion co-
efficients than Li*, their higher valence ensures that their
contribution to the overall conductivity is significant, even
comparable to what is seen in the case of Li* in PIGE. This
work paves the way for future studies on polymers based
on M-L coordination, suggesting multivalent systems can be
designed with beneficial mechanical properties and no det-
riment to total ionic conductivity compared with monova-
lent salt species.
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Molecular Characterization
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Figure S1: '"H NMR of PEO-stat-PAGE in CDCls. End-group analysis yields the number of repeat units
of ethylene oxide and allyl glycidyl ether, PEOsj;-stat-PAGE+. Inset illustrates the benzylic hydrogen
peaks. This spectrum is collected at a polymer concentration of 60 mg mL™" with 128 scans and a pulse
delay time of 5 s.

From the presented '"H NMR, the number of repeat units in PEO-stat-PAGE are given by:

I - .
M = Nygp = =22 * lapyiie = -+ 79 = 79

lether — (5 * Nagg) _ 1687 — (5 * 79)

= 323
4 4

‘I’l=NEO=

The resulting polymer is then PEOs;3-stat-PAGE79. This analysis has been adapted from Lee et

al.!

S2



Synthesis of Imidazole Functionalized Copolymer (PEO-stat-PIGE)
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Figure S2: '"H NMR of PEO-stat-PIGE in CD;0D. Disappearance of allyl groups from PEO-sta-PAGE
and appearance of imidazole aromatic peaks confirm complete conversion during the thiol-ene click
reaction.

The presented 'H NMR demonstrates complete conversion of the allylic units into

imidazole. The number of repeat units in PEO-stat-PIGE are then given by

NIGE — Iimidlazole =79

lether = (5 * Nigg) _ 1866 — (5 * 79)

= 368
4 4

Ngo =

The resulting polymer is PEOseg-stat-PIGE79, which is consistent with the PEO3;3-stat-PIGE79
expected from conservation of moles. For the purposes of this investigation, we use PEO3,3-stat-

PIGE as the '"H NMR end-group analysis requires longer pulse delay times.
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Thermal Characterization

Differential scanning calorimetry traces taken upon second heating show a glass transition and

absence of a crystallization/melting peak for PEO.
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Figure S3. DSC of PIGE mixed with MTFSI salt at an » molar ratio of 0.1 show that the 7, does not change

significantly with metal identity.

Rheological Characterization
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Figure S4: Strain sweeps for polymer samples at » = 0.1 performed at 5 °C at a frequency of 10 rad s .
Each sample’s frequency-dependent viscoelastic behavior was measured in the linear regime.
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Connection of observed trend in 19 and M-L dissociation kinetics.

The observed trend in zero-frequency viscosity as a function of metal identity should be
described by either the “sticky” Rouse or “sticky” reptation models which suggest the terminal
relaxation time scale and zero-frequency viscosity increase as the dissociation rate of the M-L
coordination decreases. Dissociation kinetics for Li*, Ni*", Cu®*, Zn*" and Fe’" with ligand
moieties in aqueous solution have been found to be roughly independent of ligand identity, as the
rate-determining step is considered to be the interaction of the M-L complex with water (i.e. a
solvent-assisted mechanism).”” It is thus perhaps not surprising that the trend in dissociation
kinetics in aqueous solution (Li" ~ Cu*" > Zn*" > Ni*" > Fe’") does not correspond to that in zero-
frequency viscosity (Li" < Zn*" < Cu*” < Fe*” < Ni*") as shown in Figure S5. Data for
dissociation kinetics for M-L exchange in bulk polymer melts or even organic solvents is not

available for a majority of metal ions and ligands.
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Figure S5. Zero-frequency viscosity trends as a function of cation identity do not follow M-L
1

dissociation kinetics trends (tp; iation = ————————
( Dissoctation Dissociation rate

) for the given metal ions in aqueous solution.
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Ionic Conductivity
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Figure S6: Representative raw conductivity data measured via electrochemical impedance spectroscopy.
(a) Raw impedance data for a Li-PIGE and Zn-PIGE sample at 90 °C showing the expected semicircle
and diffusion tail. (b) Conductivity representation of the same data, as calculated using the equations
presented below.

The impedance data collected was manipulated to calculate the DC ionic conductivity
plateau of the data. This was achieved by calculating the real conductivity at the maximum in

tan(8)*

golrea

C = —
° ™ thickness

! Z"
o
(2% + 2% wc,

; Z'
£ =
(22 + 2'*)we,

o' = we g
g
tan(d) = —
£

opc = ¢'(max (tan(6))
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Figure S7: Ionic conductivity values at equal anion:imidazole molar ratios instead of equal
metal:imidazole molar ratios. The data does not collapse as well as that normalized by cation, though in
general the ionic conductivity seems reasonably impartial to ion identity and concentration.
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Figure S8: lonic conductivity as a function of reduced temperature at a molar ratio of metal:imidazole of
r=0.05. The data can be approximately normalized by r-ratio.
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Table S1. Polymer properties as a function of added metal salt. All polymers are based on the same PIGE
precursor, with a degree of polymerization of EO of 323 and of AGE of 79, as determined by 'H NMR.
4y =[M"":Imidaole].

Polymer ¥ T, o(uS/em) o (uS/cm)at

(°C) at70°C T-T,=90°C
PIGE 0.0 -33 1.0 0.47
PIGELi" 0.05 -33 10.7 5.2
PIGENi**  0.05 -28 9.1 5.9
PIGE Cu**  0.05 -32 12.2 6.0
PIGE Zn**  0.05 -31 15.2 8.1
PIGE Fe**  0.05 -30 9.5 5.5

Table S2. Ratios of conductivity between the Li-PIGE and other cation samples are given at three
different reduced temperatures adjusted by each sample’s glass transition temperature, for » = 0.05. Ratios
are all very close to 1, suggesting conductivity is approximately governed by the metal-imidazole ratio
instead of cation identity or anion concentration.

T-T, 1000/(T—Ty,) oni/oLi ozoLi ocl/oLi ordoLi

111.11 9 1.04 1.57 1.22 1.01
83.33 12 1.20 1.56 1.14 1.09
66.67 15 1.39 1.55 1.07 1.17

Table S3. Ratios of conductivity between » = 0.05 and » = 0.1 (1 = 6,—.05/0—0.1) are given at three different
reduced temperatures adjusted by each sample’s glass transition temperature. Ratios are larger than 0.5
(expected for ideal dilute theory with no change in diffusion coefficients), suggesting the diffusion
coefficient likely decreases as a function of concentration.

T* Tg 1000/(717 Tg) j~Li ANi iZn ACu /lFe

111.11 9 0.59 0.60 0.66 0.58 0.71
83.33 12 0.65 0.65 0.62 0.60 0.73
66.67 15 0.73 0.70 0.59 0.61 0.74

S8



PFG NMR
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Figure S9: ’F PFG NMR diffusion data as a function of temperature in both PIGE and PEO-stat-PAGE
polymers. When adjusting for 7, the TFSI" diffusion aligns for the Li and Zn PIGE samples, as well as
for the Zn and Ni PEO-stat-PAGE samples.
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Figure S10: 'Li diffusion (triangles) as measured via PFG NMR is slower than TFSI diffusion
(diamonds) for both the PEO-stat-PAGE (red open symbols) and PIGE (blue filled symbols) polymers.
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Figure S11: Calculated conductivity compared to impedance spectroscopy measured conductivity for
samples prepared with the Zn(TFSI), salt sourced from Alfa Aesar show the same trends, though slightly
different absolute values, as the Zn(TFSI), salt sourced from Solvionic (Figure 6).

Calculation of Zn2+ diffusion coefficient and transference number

From the difference in conductivity measured via impedance spectroscopy (oz;s) and that
calculated from PFG-NMR assuming only TFSI" mobility (o7fs;—), one can estimate the
contribution to the conductivity from the Zn”>" ions. The diffusion coefficient of the Zn>" ions can

then be calculated as follows (results in Table S4):

F?c
OrFsi- = R—T+ (z4D_)

Ozn2+ = Og1s — OTFsI-

Ozn2+RT

D =
Zn2+ 2 2
Fec,z%

(o z,D,
*z,D,+D_
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Table S4. Measured values of EIS conductivity, TFSI™ diffusion coefficient, calculated TFSI
conductivity, calculated Zn*>" conductivity, and calculated Zn®>" diffusion coefficient at temperatures
between 50 and 80 °C. The cation concentration is estimated as 0.186 mMol cm > assuming a polymer
density of 1.06 g cm ™.

r Opis (Scm™)  Drpgp— (em®s™)  oppg— (Sem™)  0zpp4(Sem™)  Dyppi(em’s™) Ly
©°C) (Zn™)
50 439 x10° 2.33x10”° 3.00 x10°° 1.38 x10°° 536101 032
60 9.12 x10°® 5.28 x10”° 6.60 x10°° 2.52 x10°° 1.00 x10~°  0.28
70 1.62 x107° 1.09 x10°8 1.32 x107° 3.01 x10°® 1.24 x107°  0.19
80 2.59 x10°° 1.91 x10°8 2.26 x10°° 3.32x10°° 1.40 10~ 0.13

Comparison with PEO-stat-PAGE

A similar set of experiments was completed with the PEO-stat-PAGE precursor polymer
to compare the behavior with the PIGE polymer system. The results show that none of the added
metal salts give rise to a viscoelastic response characteristic of a dynamic network, and the
conductivity data does not normalize as well even though there are similar inconsequential
changes in the glass transition temperatures upon incorporation of salts. This is presumably due
to incomplete salt dissociation as suggested by the PFG NMR results on the lithium and zinc
PEO-stat-PAGE systems; as varying degrees of salt dissociation can greatly affect conductivity
due to changes in the concentration of mobile ions. The decreased salt dissociation is attributed
to the absence of imidazole pendant groups to enhance dissociation and coordinate the metal

cations.

Table S5. PEO-stat-PAGE polymer properties as a function of added metal salt. All polymers are based
on the same PEO-stat-PAGE precursor, with a degree of polymerization of EO of 323 and of AGE of 79,
as determined by 'H NMR. * = [M*":AGE]. Only one sample was measured for Zn*" and Fe*".

Polymer ¥ T, o(uS/cm) o (uS/cm)at

(°C) at70°C T—T,=90°C
PIGE 0.0 —69 0.78+0.2  0.083 +0.02
PIGE Li" 0.1 -67 170.6+18 21.0+2
PIGENi** 0.1 -67 159.9430 16.5 +0.8
PIGE Cu** 0.1 —67 240.3 +60 22.240.6
PIGE Zn** 0.1 -69 85 9.5
PIGE Fe** 0.1 -67 95 13.6
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Figure S12: Conductivity measured via impedance spectroscopy does not normalize well with molar
ratio of metal to AGE groups (7). It is possible that the differing interactions with the ether oxygens as
compared to the imidazole groups in PIGE account for this discrepancy.
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Figure S13: (a) Storage and (b) loss modulus as a function of frequency for the PEO-stat-PAGE samples.
TTS was performed only on the PEO-stat-PAGE Ni** sample.
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Figure S14. A comparison of the DC ionic conductivity to the zero-shear viscosity shows an
improvement from using nickel compared to lithium salts; the improvement is significantly less than that
seen in the PIGE system.

Zn(TFSI); Purity

The Zn(TFSI), salt was tested for purity to confirm that the Zn®" cation is the only other species
likely to contribute to ionic conductivity. XRF analysis only detected carbon, fluorine, sulfur and
zinc; however the resulting mass percent are not quantitative due to the inability to accurately
detect oxygen and nitrogen. Thus, this test was just used to screen for possible impurity
elements. Further analysis by '°F solution-state NMR, reveals only one fluorine peak for the
TFSI anion as expected. Lastly, Karl Fischer titration on the Solvionic salt demonstrated the

water content to be at most 0.01 wt% (below the detection limit).
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