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Abstract

A series of ionogel electrolytes, composed of an ionic liquid/lithium salt solution supported
by a linear zwitterionic (ZI) copolymer scaffold containing solely noncovalent cross-links, was
created in order to study the effects of varying the ZI fraction within the copolymer as well as the
lithium ion concentration on gel mechanical properties and ion transport. The copolymer scaffold
was synthesized via in situ UV photopolymerization of the ZI monomer 2-methacryloyloxyethyl
phosphorylcholine (MPC) together with the non-ZI comonomer 2,2,2-trifluoroethyl methacrylate

(TFEMA) in varying ratios, using a fixed fraction of 25 mol% total monomers. Ionic liquid



electrolyte (ILE) solutions of 0.1 ™M, 03 M, 05 M, or 1 M lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) dissolved in the ionic liquid 1-butyl-1-
methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP TFSI) were employed. For ionogels
created using the 1 M LiTFSI ILE, varying the MPC content from 6.3 mol% to 17 mol% in the
precursor solution resulted in a substantial increase in gel elastic modulus, from 20 kPa to 11 MPa.
In contrast, room temperature ionic conductivity values for the same samples remained nearly
constant, varying from 0.57-0.70 mS c¢m. While the in situ photopolymerization approach
remains highly versatile for ionogel formation, an alternative method is introduced here for the
first time that can produce ionogels “on-demand” using a pre-made ZI copolymer/ionic liquid

solution to which a Li" ILE is subsequently added.
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Introduction

Lithium-ion batteries (LIBs) are currently the energy storage system of choice for
consumer electronics, as well as for the rapidly expanding application of electric vehicles. Current
LIB technology allows for high energy density batteries that are relatively safe. However, there
remains room for improvement in the safety aspects of the liquid electrolyte employed, which is
composed of a lithium salt dissolved in flammable organic solvents.!*> While rare, fires and/or
explosive incidents involving LIBs can lead to significant personal injury and property damage.

An effective, nonflammable replacement for current organic solvent-based electrolytes is therefore



very desirable. Moreover, the future use of a lithium metal anode to further improve battery energy
density will also require a highly stable, nonflammable electrolyte material.>*

Ionic liquids (ILs) are nonvolatile liquids comprised of ambient temperature molten salts;
that is, they consist solely of ionic species.>® In recent years, ILs have emerged as a potential
replacement for organic solvent-based electrolytes for battery electrolyte applications, where their
nonvolatility, nonflammability, relatively high ionic conductivity, and large electrochemical
stability windows are advantageous.”® Typical ionic liquid electrolytes (ILEs) for batteries consist
of an alkali metal salt dissolved in an IL.Y Common ILEs employ
bis(trifluoromethylsulfonyl)imide (TFSI) or bis(fluorosulfonyl)imide (FSI) anions, which
contribute to low IL viscosity and the formation of a robust solid electrolyte interphase (SEI) layer
on lithium metal anodes.” To further improve battery safety and performance, ionogel electrolytes
have also been developed. Ionogels consist of an IL or ILE supported by a three-dimensional solid
scaffold (e.g. a polymer network), which creates a stable, leakproof, mechanically robust
composite electrolyte having a large liquid fraction, thus retaining a high room temperature ionic
conductivity on the order of 1-10 mS c¢cm™. 101!

When selecting a particular polymer scaffold for an ionogel battery electrolyte, there are
many possible options. One particular class of recent interest is zwitterionic (ZI) polymers, which
feature monomer units that contain both a positively charged and a negatively charged group,
exhibiting a large dipole moment.!>!3 Previous research has shown the successful use of ZI
polymers to form effective ionogel networks.!*!® ZI side groups that are covalently bound to
polymer chains can interact with one another to form noncovalent interchain cross-links due to
Coulombic forces, which may yield a freestanding gel without the use of any covalent cross-

linking agents.!~2! The presence of certain ZI moieties can also maintain reasonable ionogel ionic



conductivity even while the elastic modulus is increased.!>!%2223 For example, it was previously
demonstrated that ionogels supported by a fully-ZI copolymer of the two ZI comonomers 2-
methacryloyloxyethyl phosphorylcholine (MPC) and sulfobetaine vinylimidazole (SBVI) could
maintain a room temperature ionic conductivity comparable to that of the base ILE, even while
possessing a high elastic modulus of 14.3 MPa.'® More recently, the creation of ionogels with a
sodium ion-based ILE having a polymer network that consisted of both MPC and SBVI diluted by
a third non-ZI comonomer, 2,2,2-trifluoroethyl methacrylate (TFEMA), revealed that diluting the
ZI copolymer composition by up to 60 mol% TFEMA still yielded freestanding gels with no
significant drop in ionic conductivity.!>

In this study, a systematic investigation of a binary, linear ZI copolymer scaffold-supported
ionogel electrolyte system was conducted in order to examine the effects of the copolymer ZI
fraction and the zwitterion:Li" molar ratio on the resulting gel electrical and mechanical properties,
with the goal of yielding a better understanding of ionogel compositional design rules and the
nature of the noncovalent cross-links formed within these nonvolatile, high-performance
electrolytes. Ionogels were composed of a statistical copolymer network formed using one ZI and
one non-ZI comonomer, MPC and TFEMA, respectively, which supported an ILE consisting of
LiTFSI dissolved in 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP
TFSI). MPC was selected as the ZI comonomer due to the previously reported ability of its
homopolymer to significantly boost the Li* transference number value when employed as the
scaffold in an ionogel featuring a 1 M LiTFSI/BMP TFSI ILE.>* Here, the phosphorylcholine
groups of the MPC units were observed to coordinate effectively with lithium ions and form
noncovalent cross-links that exhibited exceptional thermal stability (at least 45 min at 200 °C). For

ionogels based on the IM LiTFSI in BMP TFSI ILE, elastic modulus values were revealed to be



highly tunable, from approximately 20 kPa to 11 MPa, simply by varying the MPC (ZI) content
from 6.3 to 17.4 mol%. Importantly, the room temperature ionic conductivity values of these
materials remained relatively unchanged, varying between 0.57 and 0.70 mS cm!. These particular
ionogels can therefore enable facile overall ion transport even while exhibiting a high elastic
modulus of up to 11 MPa. In contrast to what was previously observed for poly(MPC)
homopolymer scaffolds,?* however, no significant boost in ionogel lithium transference number
values was observed in this study, suggesting that the addition of TFEMA within the copolymer
network may interrupt the formation of higher mobility pathways for Li" transport present along a
fully-ZI scaffold. The insights gained here from examining the effects of ZI copolymer
composition on ionogel properties shed additional light on the nature of the noncovalent, lithium
ion-mediated ZI cross-links present in these systems, helping to further inform ZI polymer-based

ionogel electrolyte design.

Experimental Section

Materials

The ionic liquid, 1-butyl-1-methylpyrrolidinium bis(trifluoromethylsulfonyl)imide (BMP
TFSI, 99%, Iolitech Ionic Liquids Technologies GmbH), lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI, 99.95% trace metals basis, Sigma Aldrich), the
photoinitiator, 2-hydroxy-2-methylpropiophenone (HOMPP, 97%, Sigma Aldrich), and the
Celgard polyethylene/polypropylene separator material (MTI Corporation) were stored in a N»-
filled glove box (H2O and Oz < 0.1 ppm) until use. The ZI monomer, 2-methacryloyloxyethyl

phosphorylcholine (MPC, 97%, Sigma Aldrich) and the comonomer 2,2 2-trifluoroethyl



methacrylate (TFEMA, Scientific Polymer Products, Inc.) were stored in a refrigerator until use.
Polyethylene glycol diacrylate (PEGDA, Mn = 575 g mol”!, Sigma Aldrich) was stored under
ambient conditions and protected from light. Lithium metal foil (99.9%, Alfa Aesar) and stainless
steel CR2032 coin cell parts (SS304 grade, MTI Corporation) were stored in an Ar-filled glove

box (H20 and Oz < 0.5 ppm) until use. All materials were used as received.

lonogel Preparation

ILE solutions of four concentrations of LiTFSI in BMP TFSI (0.1 M, 0.3 M, 0.5 M, and 1
M) were produced in a N»-filled glove box by dissolving LiTFSI in BMP TFSI and stirring at 50
°C until transparent solutions were formed. These four solutions correspond to LiTFSI:BMP TFSI
molar ratios of approximately 1:33, 1:11, 1:6.6, and 1:3.3, respectively. lonogel precursor solutions
were produced in a N»-filled glove box by adding MPC and TFEMA monomers to the appropriate
ILE solution and stirring at ambient temperature for 2-4 h, depending on monomer composition,
until a homogeneous, transparent solution was formed. A fixed ratio of 75 mol% ILE solution to
25 mol% total comonomers was maintained for all samples in this work. After a visibly
homogeneous ionogel precursor solution had been formed, the photoinitiator, HOMPP, was added
(2 wt% of total comonomers basis) and stirred for one min, and then the precursor solution was
used to fill the relevant mold or separator (see below) or left in the mixing vial for qualitative
inspection. The precursor solution was then exposed to UV irradiation (365 nm) using a handheld
lamp (Spectronic Corp., 8W) for 10 min, and the resulting ionogel was allowed to sit overnight
inside the N»-filled glove box before further characterization.

To prepare ionogel samples for room temperature ionic conductivity measurements, the

precursor solution was transferred into cylindrical wells (volume =~ 125 pL) in a custom



polytetrafluoroethylene (PTFE) apparatus with gold-coated electrodes prior to UV irradiation. To
prepare ionogel samples for dynamic mechanical analysis (DMA) characterization or temperature-
dependent ionic conductivity measurement, a mold was assembled from a PTFE washer between
two glass slides, held together by binder clips. A slot was cut into the PTFE washer to allow the
mold to be filled by a syringe needle. Polyethylene sheets were placed between the glass and PTFE,
to prevent the ionogel from adhering to the glass. For DMA characterization, the PTFE washer
had an inner diameter of 6.35 mm and a height of 3.15 mm; for temperature-dependent ionic
conductivity measurement, the PTFE washer inner diameter was 5.12 mm and the height was 1.12
mm. For DMA characterization, the resulting ionogel was removed from the mold; for
temperature-dependent ionic conductivity measurements, the glass and polyethylene layers were
removed, but the PTFE washer/ionogel assembly was left intact for introduction into a coin cell
(see below). To prepare ionogel samples for lithium transference number measurement, the
precursor solution was soaked into a Celgard porous separator disc (17 mm diameter) under

vacuum for 20 min, prior to UV irradiation.

Mechanical Measurements

Ionogel elastic modulus values were determined via compression testing using a dynamic
mechanical analyzer (DMA) (RSA3, TA Instruments) under ambient conditions. A parallel-plate
geometry was used in free extension mode, with an applied strain rate of 0.0315 mm s™'. The elastic
modulus was calculated as the slope of the linear region of the stress-strain data, approximately
between 5% and 10% strain. Replicate samples typically yielded modulus values of <10%

variation between them.



Electrochemical Measurements

Ionogel impedance was measured via electrochemical impedance spectroscopy (EIS) using
a VersaSTAT 3 potentiostat with built-in frequency response analyzer (Princeton Applied
Research). Room temperature ionic conductivity measurements were performed inside a No-filled
glove box using a custom PTFE well apparatus, using a frequency range of 1 Hz to 100 kHz with
a sinusoidal voltage amplitude of 10 mV.

Stainless steellionogel|stainless steel coin cells for temperature-dependent ionic
conductivity measurements were assembled inside an Ar-filled glove box (H2O and O2 <0.5 ppm).
The ionogel sample/PTFE washer assembly was placed between two stainless steel discs (15.5
mm diameter, 0.5 mm thickness), with ~10 puL of ILE solution placed on each gel/stainless steel
interface. These components were placed inside a CR 2032 coin cell case with a stainless steel
wave spring, and crimped using an electric coin cell crimper (MSK-160E, MTI Corporation).

For temperature-dependent ionic conductivity determination, coin cells were placed on a
temperature-controlled microscopy stage with resistive heating and liquid nitrogen cooling (LTS
420, Linkam Scientific Instruments), and EIS was performed using the VersaSTAT potentiostat.
EIS spectra were recorded between 20 °C and 100 °C, with an isothermal hold of 15 min at each
temperature to allow for thermal equilibration within the coin cell.

Symmetric lithium|ionogel[lithium coin cells for lithium transference number
measurements were assembled inside an Ar-filled glove box (H20 and Oz < 0.5 ppm). Electrodes
were obtained by punching out lithium metal foil discs (~11.1 mm diameter) and rolling these out
using a glass vial onto stainless steel discs (15.5 mm diameter, 0.5 mm thickness) to cover the steel
and to expose a shiny lithium surface. A Celgard separator disc containing the ionogel within its

pores was placed between the two lithium electrodes, adding ~50 uL of ILE on each gel-lithium



metal interface. These components were placed inside a CR 2032 coin cell case and crimped as
described above.

Lithium|ionogel|lithium coin cells were preconditioned using a 2 h galvanostatic charge
step at 0.01 mA cm, followed by a 2 h potentiostatic hold, followed by a 2 h galvanostatic
discharge at -0.01 mA c¢m, and finally a 12 h open circuit rest period. For lithium transference
number (t;;+) value determination, the VersaSTAT potentiostat was used to conduct DC
chronoamperometry polarization measurements at an applied potential (AV) of 10 mV until the
resulting current reached a plateau (2-3 h depending on the sample); EIS spectra were collected
before and after each polarization. The t;;+ values were determined using the method developed

by Bruce and co-workers,* via equation (1):

t _ Iss(AV=IgRg)
R A —
IO(AV_ISSRSS)

(1)

where I, and I are the initial and steady state currents, respectively, and R, and R are the initial
and steady state interfacial resistance values measured via EIS before and after the DC polarization,
respectively. Sample data used to determine steady state polarization currents and interfacial

resistance values are shown in Figure S1 in the Supporting Information.



Results and Discussion

A series of ionogels was fabricated, wherein the ILE consisted of LiTFSI salt dissolved in
BMP TFSI, and for which the supportive solid network was synthesized by in situ
copolymerization of MPC and TFEMA monomers. Figure 1 shows the chemical structures of the
main ionogel components. The ZI monomer, MPC, was selected because it has been previously
shown to boost lithium ion transport in similar ionogels, and is commercially available.>* TFEMA
was selected as a non-ZI comonomer because it has previously been shown to be a miscible

comonomer in ZI ionogel systems!>2¢

and its inclusion in polymer electrolytes imparts a wide
electrochemical stability window owing to its fluorination.?”-?® LiTFSI in BMP TFSI was selected
as the ILE in this work because at a 1 M concentration, it is a commonly used ILE in ionogels for
energy storage applications.!®242%3% In addition to 1 M, this work also examined ionogels featuring
ILEs of 0.5 M, 0.3 M, and 0.1 M LiTFSI in BMP TFSI, to study the effects of decreasing the

concentration of lithium cations, which were expected to play a critical role in forming noncovalent

cross-links within these systems.
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Figure 1. Molecular structures of: (a) ZI monomer MPC, (b) non-ZI comonomer TFEMA, and (c) the ionic liquid

BMP TFSI.

Recent studies of ionogels supported by ZI copolymers have suggested that lithium-
mediated, non-covalent cross-links form between at least two MPC units, creating robust polymer
networks from linear ZI copolymer chains.!®?* Figure 2 shows a schematic illustration of the non-
covalent cross-linking expected in the present ionogel system, wherein lithium cations (shown as
red circles) mediate interactions between phosphorylcholine side groups (of MPC monomers) on
adjacent polymer chains to form cross-links between them via Coulombic forces. Experimental
evidence from this study has revealed that both MPC monomers and Li" ions are necessary in order
for non-covalent cross-linking to occur and to create a freestanding ionogel. As a control
experiment, when MPC and TFEMA were copolymerized within neat BMP TFSI (without any
LiTFSI present), no freestanding gels were produced. Similarly, when TFEMA was polymerized

by itself in the ILE of 1 M LiTFSI in BMP TFSI, no freestanding gel was produced. Therefore, in
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order for a cross-link to form, it is hypothesized that (at least) two MPC groups must
simultaneously coordinate with a common lithium cation. Freestanding ionogels are formed when

a sufficient density of cross-links exists to prevent the ILE-rich composite from flowing.

® mpC

TFEMA
o L

{7 ZI physical cross-linking

Figure 2. Illustration of the proposed lithium ion-mediated, noncovalent cross-linking mechanism responsible for the

formation of the ionogels created in this study.

Figure 3a is a phase diagram illustrating the compositional range of MPC and lithium
contents explored in this work, which displays the gelation status of the resulting sample fabricated
at each point. Complete conversion of the co-monomers is assumed, since photopolymerization
rates and product yields in IL systems are generally understood to be exceptionally efficient.*! For
certain compositions with a low MPC:Li" molar ratio and low MPC content, indicated by the points
shown in yellow in Fig. 3a, the resulting product after UV polymerization was a viscous polymer
solution, indicating that there were an insufficient number of noncovalent cross-links formed to
create a freestanding gel. The majority of compositions examined in this work, however, indicated

by points shown in orange, produced visibly transparent, freestanding ionogels upon

12



polymerization. Figure 3b shows a photograph of such an ionogel inside an inverted glass vial. For
certain compositions with relatively high MPC:Li* molar ratios, polymerization of the transparent
precursor solutions yielded white-colored, semi-opaque gels, which likely indicates poor
solubility/phase separation of MPC-rich polymer regions; these are shown in Fig. 3a as blue data
points. Figure 3¢ displays a sample of this gel type. All of the points shown on the phase diagram
fall onto one of four solid lines indicated, which correspond to a fixed Li* concentration in the
ILE: 0.1 M, 0.3 M, 0.5 M, or 1 M. The slope of each line is the Li" concentration within the sample
in units of mol% (i.e. 2.2, 6.3, 9.8, or 17 mol% Li*, respectively). The shaded triangular region
highlights seven ionogel compositions labeled with letters that were selected for further
characterization. The 1 M formulations within this region (points A, B, C, and D) may be
considered most relevant for potential battery electrolyte applications, as this concentration of salt
typically maximizes ionic conductivity in nonaqueous systems.*? Points D, F, and G all possess a
MPC:Li" molar ratio of 1, while points A, E, and G each possess a fixed MPC content of 6.3 mol%
(1:3 MPC:TFEMA molar ratio), with varying Li* concentration in the ILE. The data shown in Fig.
3areveal that lithium ions play a key role in solvating MPC repeat units within the ionogels, since
copolymer scaffold compatibility with the ILE (i.e. formation of transparent gels) improves for
larger MPC contents with increasing Li" concentration. The same is true for MPC monomer in the
precursor solutions; we observed significantly lower solubility of MPC in the neat BMP TFSI ionic

liquid than in the ILE solutions that contain LiTFSI.
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Figure 3. (a) Phase diagram illustrating the compositional design space of poly(MPC-co-TFEMA) copolymer-
supported ionogels examined in this work. Black lines connect samples with constant LiTFSI concentration in the ILE.
Orange points indicate compositions that yielded transparent freestanding gels, blue points indicate compositions that
yielded opaque freestanding gels, and yellow points indicate compositions that did not produce freestanding gels.
Compositions labeled with letters A-G in the shaded triangular region were selected for further characterization. (b)
Photograph of a typical “transparent gel” sample. (¢) Photograph of a typical “opaque gel” sample. Both samples
shown in panels (b) and (c) were prepared by in situ UV copolymerization of a precursor solution while the glass vial
was tilted at an angle (approximately 60° from vertical); the white object visible inside each ionogel is a stir bar that
was left in place during the copolymerization step. The glass vials are inverted in both images, highlighting the

nonflowing nature of the ionogels.

For each of the ILE Li" concentrations employed, the minimum amount of MPC required

to create a freestanding gel was determined (see Fig. 3a, orange points directly adjacent to yellow
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points on a given ILE molarity line). Figure 4 shows that the minimum MPC:Li" molar ratio
required to form a freestanding gel depends approximately inversely on the lithium ion
concentration in the ILE. The maximum MPC:Li" ratio observed not to form a freestanding gel at
each ILE concentration (yellow points) follows a similar trend (see Figure S2). Thus, for a given
lithium ion concentration, a certain minimum MPC:Li" ratio is necessary to create a sufficient

density of Li*-mediated ZI cross-links and yield a freestanding gel.

1.5

0 \ \ \ \ \
0 0.2 0.4 0.6 0.8 1

Li* concentration in ILE (M)

Figure 4. Minimum MPC:Li* molar ratio necessary to yield a freestanding ionogel determined for different ILE

concentrations. The black curve is a nonlinear least-squares regression of the form y = % + b, shown to guide the eye.

A possible physical explanation for the small increase in the minimum MPC concentration needed
to form freestanding gels at higher Li" concentrations (Fig. 3a) derives from recognizing that not
all of the ZI MPC units are involved in cross-linking, as illustrated in Fig. 2. Some fraction of the
MPC monomer is expected to coordinate with lithium ions within the well-mixed precursor
solution, and among these assemblies, it is hypothesized that both singly-coordinated MPC-Li*

complexes and doubly-coordinated MPC-Li"-MPC complexes are formed. Only the latter are

believed to subsequently become noncovalent cross-links within the ionogel scaffold (see Fig. 2)
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upon polymerization of the precursor solution. In the presence of a greater background ILE Li*
concentration, a higher fraction of singly-coordinated MPC-Li* complexes is expected to form;
thus, these formulations would require a greater concentration of MPC monomer to achieve a
sufficient density of cross-links for gelation to occur.

For selected ionogel samples (points A-G in Fig. 3a), the elastic modulus was measured in
order to assess the extent of noncovalent cross-linking for various gel formulations. Figure 5a
displays the elastic modulus of these ionogels plotted as a function of the MPC:Li" ratio and MPC
mol% in the precursor solution, while Figure 5b displays the same values grouped by Li*
concentration in the ILE. All values are also listed in Table S1, and representative stress vs. strain
curves are shown in Figure S3. Clearly, the stiffness of these noncovalently cross-linked ionogels
is highly tunable, between approximately 20 kPa and 11 MPa. The stiffest ionogels were observed
to be brittle and did not exhibit self-healing properties when cut, suggesting that they are supported
by cross-links that are highly robust and non-dynamic. Modulus values were found to increase
significantly with increasing MPC mol% in the ionogel at a fixed MPC:Li" molar ratio of 1:1 (i.e.
samples G vs. F vs. D), and to also increase along with a greater MPC:Li" ratio at a fixed MPC
content of 6.3 mol% (i.e. samples A vs. E vs. G). The largest relative gain in gel stiffness was
obtained upon increasing the MPC content at a fixed ILE concentration of 1 M (i.e. samples A vs.
B vs. C vs. D). Notably, the highest modulus value achieved among gels A-G (11 MPa, sample D)
was obtained for the largest MPC content (17.4 mol% MPC), which was enabled by a high ILE
Li* concentration (1 M) that allowed this amount of ZI monomer to be dissolved in the precursor
solution. Collectively, these findings support the hypothesis that a greater density of lithium ion-
mediated noncovalent cross-links can be realized via polymerization of a precursor solution that

contains a larger number of MPC-Li"-MPC complexes. An upper limit in ionogel stiffness is
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expected, however, as the solubility limit of LiTFSI in the ILE (and consequently, of MPC in the

precursor solution) is approached.
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Figure 5. (a) Ionogel elastic modulus values plotted as a function of the MPC:Li" molar ratio and the MPC content
(mol%) in the precursor solution. (b) Ionogel elastic modulus values displayed as a function of Li* concentration

(molarity) in the ILE.

To probe the thermal stability of the noncovalent MPC-Li*-MPC cross-links, a cylindrical
ionogel of the composition referred to as “D” (consisting of 17.4 mol% MPC and 7.6 mol%
TFEMA, polymerized in the 1 M ILE) was heated on a temperature-controlled microscopy stage

to 200°C and held for 45 min at this temperature under an atmosphere of flowing nitrogen gas.
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While the opacity of the sample increased and a small amount of ILE was observed to leach out
of the bottom of the ionogel (approximately 20% of the initial mass) during heating, the original
cylindrical shape of the gel was unchanged. After cooling the gel back down to room temperature,
during which it did not re-swell with the small amount of leached ILE, its elastic modulus was
remeasured via compressive stress-strain testing. Remarkably, the elastic modulus of the sample
remained at approximately the same high value (8.6 MPa before the heat treatment, and 9.4 MPa
afterwards; see Figure S4), demonstrating the outstanding thermal stability of these noncovalent
MPC-Li"-MPC cross-links. The onset of ionogel thermal degradation was observed to occur at
approximately 300 °C, according to thermogravimetric analysis (Figure S5).

Room temperature ionic conductivity values of ionogel samples A-G were measured via
EIS and are shown in Figure 6 (and tabulated in Table S1). Importantly, the ionic conductivity
values of all samples lie between 0.57 mS em! and 1.26 mS ¢cm!, which represents a much smaller
variation compared to that of their elastic modulus values. The most significant factor determining
ionogel ionic conductivity is the Li* concentration in the ILE (grey bars topped with asterisks in
Fig. 6). This is due to the increase in ILE viscosity at higher Li" concentrations, which results in
lower ion mobilities and total ionic conductivity.**-** For the 1 M Li" ILE ionogel samples (A-D),
it can be seen that increasing the ZI MPC fraction in the scaffold (D > C > B > A; see Fig. 3a)
results in a slight upward trend in ionic conductivity. This is consistent with our previous finding
that a ZI poly(MPC) homopolymer scaffold enabled a room temperature ionogel total ionic
conductivity essentially equal to that of the 1 M ILE.>* From this study, however, it is apparent
that dilution of the ZI MPC units with a non-ZI co-monomer (TFEMA) in the copolymer scaffold

leads to a reduction in the overall ionic conductivity.
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Figure 6. Ionogel ionic conductivity values (measured at room temperature) grouped by lithium ion concentration in

the ILE. Grey bars topped with asterisks correspond to ionic conductivity values of the ILEs.

Figure 7 displays the temperature dependence of ionic conductivity for ionogel
compositions “A” and “D” measured between 20 °C and 100 °C. While both of these gels are
based on the same 1 M LiTFSI concentration in the ILE, ionogel “D” contains a nearly threefold
larger Z1 MPC content (17.4 mol% vs. 6.3 mol%). The temperature dependence of the ionic

conductivity data was fit using the Arrhenius form given in equation (2):

o= aoe(%) 2)

where o is the ionic conductivity, gy is a prefactor constant, T is the absolute temperature, R is the
universal gas constant, and E, is the apparent activation energy of ionic conductivity. The value
of E, for an ionogel compared to that of its base ILE can provide important information about
barriers to hopping-like transport within these ion-dense, liquid-rich electrolytes. While the

apparent activation energy value obtained for gel “A” (29.4 kJ mol™') was similar to that of the 1
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M ILE (29.2 kJ mol™),2* the value for gel “D” with the MPC-rich scaffold was found to be
somewhat lower (27.6 kJ mol ™). This is in agreement with our previous study that revealed a clear
reduction in E, for a poly(MPC) homopolymer scaffold in the same ILE.?* It is hypothesized that
this behavior may be due to an ability of the ZI phosphorylcholine groups to dissociate some of
the Li*(TFSI), clusters present within the ILE, thereby improving overall ion transport. To clarify
any potential effect that the TFEMA co-monomer might have on overall ion transport, an ionogel
was created using a covalently cross-linked poly(TFEMA) scaffold, without any MPC (i.e .18.7
mol% TFEMA plus 6.3 mol% PEGDA as cross-linker). This ionogel displayed an E, value 0f 29.3
kJ mol! (data not shown), essentially matching that of the 1 M ILE, which suggests that the
poly(TFEMA) portion of the ionogel copolymer network for samples A-G does not provide any

substantial reduction to the barrier for overall ion transport in these materials.
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Figure 7. Temperature dependence of the ionic conductivity of ionogels A and D. Dashed lines indicate best fit

regressions to an Arrhenius model, equation (2).
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In order to investigate whether the poly(MPC-co-TFEMA) scaffolds examined in this study
could selectively boost lithium ion transport, as had been previously observed for the poly(MPC)
homopolymer,?* lithium transference number values (t;;+) were measured for ionogels A, D, and
G, and for their corresponding parent ILEs (I M and 0.3 M Li"). The t;;+ values obtained for
ionogels A and D (0.24 and 0.23, respectively) were unchanged compared to that of their parent 1
M ILE (0.23), within the margin of experimental error (£ 0.1). For ionogel G, its measured ¢, ;+
value (0.20) was found to be slightly lower than that of its parent 0.3 M ILE (0.25). It is likely that
the lack of any significant increase in t;;+ compared to that of the parent ILE for the copolymer-
supported ionogels in this study can be attributed to the ZI MPC repeat units being “diluted” by
TFEMA units in the copolymer scaffold (see Fig. 2), which likely eliminates the potential for a
t,;+ value boost comparable to what had been observed for the ZI homopolymer in a previous
study.?* In other words, incorporating a non-ZI co-monomer (TFEMA) into the scaffold is believed
to interrupt the formation of extended ZI MPC pathways, which would exist naturally for an MPC
homopolymer, negating the ability to selectively boost lithium ion mobility.

Finally, because the ionogels studied in this work are enabled solely by noncovalent ZI
cross-links, we preliminarily examined the feasibility of a technique to produce these ionogels “on
demand” from a pre-made ZI copolymer solution. In this alternative approach, a ZI
copolymer/ionic liquid solution is first prepared via UV-initiated photopolymerization in the
absence of lithium salt, thus preventing the formation of any Li'-mediated cross-links (and
consequently, no gelation occurs). Next, when gel formation is desired, an appropriate quantity of

Li"-containing ILE is added and mixed into this copolymer solution, which introduces the lithium
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cations necessary to form cross-links between the ZI groups and generate a freestanding ionogel.
As described further in the Supporting Information, while this technique was successfully used to
produce an ionogel on demand, its elastic modulus was measured to be nearly two orders of
magnitude lower than that of a corresponding ionogel having the same nominal composition that
was produced by the one-pot, in sifu photopolymerization approach employed throughout the rest
of this study (see Fig. S6). This finding indicates the realization of a significantly lower cross-link
density within the “on demand” ionogel compared to its in situ analog, which may be explained
by the difference in cross-link formation/self-assembly between the two approaches. As described
above, it is hypothesized that doubly-coordinated MPC-Li*-MPC complexes, which may later
become cross-links between chains upon photopolymerization, are first formed within the
precursor solution during the in situ ionogel fabrication process. In contrast, the “on demand”
gelation approach begins with a solution of pre-made copolymer, which then requires the bridging
of two ZI phosphorylcholine groups on neighboring polymer chains by a lithium cation from the
added ILE in order for a cross-link to form. The significant reduction in ZI unit mobility as a
polymer pendant group compared to the monomeric form in solution therefore likely limits the

density of Li*-mediated cross-links that can be formed via the “on demand” approach.

Conclusions

This study has examined the physical (elastic modulus, high temperature stability) and
electrochemical (total ionic conductivity and its apparent activation energy, Li" transference
number) properties of a series of ionogels synthesized by in situ photopolymerization of a
phosphorylcholine-type ZI monomer (MPC) together with a non-ZI comonomer (TFEMA) within

the ILE composed of LiTFSI dissolved in BMP TFSI. The combined amount of both monomers
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in the gel precursor solution was held constant at 25 mol%, while the ZI fraction and Li*
concentration in the ILE were both systematically varied for the first time. Control experiments
confirmed that both the ZI monomer and Li" ions are required in order to form freestanding ionogel
materials. Given the linear nature of the copolymer, the presence of robust, noncovalent interchain
cross-links within these ionogels, likely in the form of Li*-bridged ZI groups, is hypothesized.
These particular noncovalent cross-links were observed to possess excellent thermal stability,
resulting in no decrease in ionogel elastic modulus after being heated at 200 °C for 45 min.
Experimental findings, including the variation in the minimum MPC:Li* molar ratio necessary to
form a freestanding gel with ILE Li* concentration, support the notion that doubly-coordinated
MPC-Li"-MPC complexes assembled initially within the precursor solution are likely responsible
for cross-link formation following photopolymerization. For the ionogel synthesized using 17.4
mol% MPC in 1 M ILE, a high elastic modulus of approximately 11 MPa was obtained. While
good room temperature total ionic conductivity values (~1 mS cm!) were maintained across the
various ionogel formulations examined, no improvement in the t,;+ values was observed
compared to those of the parent ILEs. This finding was attributed to the disruption of extended
poly(ZI) pathways along the polymer scaffold by the inclusion of a non-ZI comonomer. Finally, a
“gel on-demand” approach was introduced and contrasted with the in sifu UV photopolymerization
utilized in the rest of this work. The insights obtained from this study reveal important details
regarding the nature of the Li*-mediated noncovalent cross-links formed within these nonaqueous,
ZI polymer-supported ionogel systems, which can aid in the design of future energy storage

devices featuring safer, IL-based electrolytes.
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