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ABSTRACT: Vitrimers are an important class of materials offering
advantages over conventional thermosets due to their self-healing
properties and reprocessability. Vitrimers are ideal candidate
materials for solid polymer electrolytes because their viscoelasticity
and conductivity can be independently tuned by salt addition in
distinct ways from linear polymer electrolytes while further
providing resistance to lithium dendrite propagation. In this
work, the chemical and physical properties of vinylogous urethane
(VU) vitrimers were characterized by using a combination of
experiments and simulations to develop molecular design rules for
controlling material properties. A series of VU vitrimers containing
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt were
synthesized by precisely controlling the VU cross-linking density
using defined linker lengths of ethylene glycol (xEG, x = 2, 3, 4, 6, or 12), thereby enabling control over the dynamic bond-to-EG
ratio. Viscoelastic measurements show that the characteristic relaxation time 7* of VU vitrimers containing salt decreased by a factor
of ~70 relative to neutral vitrimers due to Li-ion coordination and catalysis of VU bond exchange. Stress relaxation times and shear
moduli decrease with lower cross-linking densities in VU vitrimers. Solid-state "Li NMR further reveals that VU vitrimers with longer
linker lengths prefer lithium-ethylene oxide (Li-EO) solvation, whereas shorter linkers cannot sufficiently solvate the cation, and Li-
VU coordination is preferred. Density functional theory (DFT) simulations were used to elucidate the dominant binding mode of
Li-ion interaction as a function of linker length. The preferential partitioning of Li at the VU site leads to an order of magnitude
decrease in stress relaxation times with a negligible impact on the conductivity after normalizing to the glass transition temperature
T,. Interestingly, our results show universal behavior for T ,-normalized ionic conductivity data regardless of linker length. Overall,
this work provides new avenues for orthogonal tuning of bulk dynamics, recyclability, and conductivity in vitrimer electrolytes.

EO-solvation

VU-coordination

B INTRODUCTION link density, exchange kinetics, and polymer backbone.”® In
recent years, vitrimers have been considered for various
applications including 3D printing, self-healing materials,”*
shape-memory materials,””"" composites,">~"> shockwave
dissipation,'® and solid polymer electrolytes.

Solid-state electrolytes have been investigated extensively as
potentially safer alternatives to flammable and toxic liquid
electrolytes”® > and exhibit good interfacial contact with
electrodes.”’ ~** Poly(ethylene oxide) (PEO) is a common
chemical motif known to facilitate lithium ion transport by ion
coordination with the backbone ether oxygens.”* ™" Although
PEO-based polymer electrolytes show high ionic conductiv-

The worldwide demand for synthetic plastic materials
continues to increase.” Permanent polymer networks such as
thermosets and elastomers are currently used for a wide range
of applications due to their robust mechanical and thermal
properties, as well as high chemical resistance. However, a
major shortcoming of permanent networks is the inability to
reprocess or recycle these materials after curing because their
cross-links are composed of permanent covalent bonds.” To
address these issues, significant efforts are currently focused on
the design and development of new recyclable and sustainable
polymeric materials to mitigate the generation of non-
degradable polymer waste in the environment.” Covalent

17-24

adaptable networks (CANSs) are a class of polymer networks Received: June 1, 2023 M=
containing dynamic bonds that allow for flow and reprocessing, Revised:  September 12, 2023

enabling access to recyclability. When the bonds exchange by Published: September 28, 2023

an associative mechanism, these materials are typically referred

to as “vitrimers”." CANs exhibit behavior on the spectrum

between thermosets to thermoplastics depending on the cross-
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ity,>** these materials exhibit relatively low conductivity at

room temperature and a strong temperature-dependent
modulus that drops substantially upon heating.*’~** To
enhance their mechanical properties, PEO can be covalently
or noncovalently cross-linked, leading to rubbery electrolytes
(characteristic plateau modulus ~0.1 MPa) with suppressed
dendrite formation due to the nanoscale mesh size in cross-
linked PEO.*>**%® However, covalent permanent networks are
not easily reprocessed or recycled after the curing processes. In
recent years, vitrimers have received increased attention as
robust and recyclable solid polymer electrolytes.'”~>* Various
dynamic bonds such as boronic ester,””**”"* imine,'*~>"777*
vinylogous urethane,”” boroxine,”” and disulfide®””%”*~7¢ have
been previously incorporated into vitrimers for solid-state
electrolyte applications. Soy protein-based imine (SPI)
dynamic networks were prepared by the Fang group.”” This
malleable vitrimer can be recycled at ambient temperature (25
°C), which could facilitate the sustainable processing of solid
polymer electrolytes. Yang and co-workers demonstrated both
excellent cell performance and improved cycle stability up to
1800 h usin% epoxy resin backbones and reversible disulfide
cross-linking.”* The Meng group incorporated double dynamic
bonds into solid polymer electrolytes,”” demonstrating
improved self-healing abilities and high ionic conductivity at
30 °C. Furthermore, dynamic boroxine and imine polymer
electrolytes possess good interfacial stability with lithium metal
anodes, which can effectively suppress Li dendrite formation.
Bao and co-workers demonstrated the direct reprocessing of
dynamic polymer network electrolytes using vinylogous
urethane (VU) chemistry without detrimental loss of
mechanical and ion transport performance,22 showing that
the addition of lithium salts accelerates dynamic exchange and
that network dynamics can be tuned by changing the amount
of excess amine. However, the mechanism of Li-ion
partitioning between VU bonds and the EO backbones is
unknown, and the impact of ion coordination on the
conductivity, reprocessability, and complex viscoelasticity of
vitrimer electrolytes is not well understood.

VU bonds can be thermally activated without a catalyst,”
with dynamic bond exchange occurring catalyst-free at
temperatures above 130 °C. In addition, VU vitrimers exhibit
a storage modulus of around 2.4 GPa at operable temperatures,
and these materials can be recycled multiple times by hot
compression molding without significant loss of mechanical
properties. Prior work has shown that the viscoelastic behavior
of VU networks can be controlled by the addition of acid, base,
or Lewis acids.”” In neutral or acidic conditions, the amine
exchange occurs through an iminium pathway. However, in the
presence of a strong base, proton exchange is prohibited, and
the amine exchange occurs through a direct Michael addition
pathway. Recently, the effect of nonstoichiometric balance on
the viscoelastic behavior of VU-based vitrimers was studied,”®
revealing that excess amounts of amine groups accelerate
dynamic exchange, which leads to significant decreases in the
characteristic stress relaxation times. Despite recent progress,
however, the coordination and solvation of salts in VU
vitrimers and the corresponding impact on conductivity are
not fully understood.

In this work, we investigate how the partitioning of Li-ion
coordination between VU bonds and ether oxygens in ethylene
glycol linkers dictates the viscoelastic properties and ionic
conductivity of vitrimers. A series of precise VU networks with
varying ethylene glycol linker lengths and added Li salt were
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synthesized. Rheological measurements show that the addition
of salt accelerates the relaxation of the networks due to the
catalytic effect of Li cations on dynamic bond exchange. "Li
solid-state NMR indicates that Li cations coordinate with the
VU moiety for short vitrimer linker lengths but preferentially
coordinate in an EO environment for longer linkers. Our
results show a universal dependence of ionic conductivity on
temperature when normalized by the glass transition temper-
ature T, of VU vitrimers, suggesting that ion transport is
primarily dominated by segmental dynamics regardless of
cross-linking density. However, the addition of salts has a
major impact on viscoelasticity and stress relaxation in Li-VU
vitrimers. Finally, we demonstrate that salt can be used to
reprocess and recycle VU vitrimers using a hot press without
significant degradation. Overall, our results offer key new
insights for controlling the properties of VU-based vitrimers
through salt addition and cross-linking density, which could aid
in the design and development of sustainable electrolytes.

B EXPERIMENTAL SECTION

Materials. Diethylene glycol (2EO, 99%), triethylene glycol (3EO,
99%), tetraethylene glycol (4EO, 99%), tert-butyl acetoacetate (tBA,
98%), propylamine (99%), lithium bis(trifluoromethanesulfonyl)-
imide (LiTFSI, 99%), diethylene glycol ethyl ether (DEG, 99%),
anhydrous tetrahydrofuran (THF, 99.9%), and anhydrous dichloro-
methane (CH,Cl,, 99.8%) were purchased from Sigma-Aldrich.
Hexaethylene glycol (6EO, 99%) was purchased from AK Scientific.
3,6,9,12,15,18,21,24,27,30,33-Undecaoxapentatriacontane-1,35-diol
(12EO, 97%) was purchased from Ambeed. Tris(2-aminoethyl)amine
(TEA, 98%) was purchased from TCI America. Ethyl ether
(anhydrous) and acetone (certified ACS) were purchased from
Fisher Chemical. Purchased chemicals were used without further
purification.

Synthetic Procedures. Acetylation of Ethylene Glycol (EOAC).
Ethylene glycol (EG) was dried overnight under a high vacuum at 60
°C. EG (1 equiv) and an excess amount of tert-butyl acetoacetate
(tBA, 4 equiv) were added to a 100 mL round-bottom flask. The
mixture was stirred at room temperature until it became
homogeneous. The viscous mixture was refluxed overnight at 130
°C under a nitrogen environment. After high reaction conversion was
confirmed using thin layer chromatography (TLC), an excess amount
of tBA and byproduct (tert-butanol) was continuously removed by
purging nitrogen at 130 °C overnight. The crude product was purified
by using medium-pressure liquid chromatography with a mixed
solvent (diethyl ether and acetone). The ratio of eluents was adjusted,
depending on the products. The final product was obtained as a
yellow viscous liquid after drying overnight under high vacuum at 60
°C. The 'H and "*C NMR spectra are shown in Figure SI.

Dynamic Network Synthesis. Acetylated EG monomers (EOAc,
1.5 equiv) were weighed into a 4 mL vial. LiTFSI salt (ratio between

+
i) = 0.033 and 0.067 for 12EO
and 0.1 for all vitrimers) was added to the vial. After the addition of 2
mL of THF into the vial, the mixture was sonicated for 15 min.
Tris(2-aminoethyl)amine (TEA, 1 equiv) was then added into the vial
and rigorously mixed using a vortex mixer for 20 s. The
concentrations of all components in solutions are between 350 and
400 mg/mL. The solution was transferred quickly to a glass dish, and
the resulting mixture was cured at 35 °C for 1 h and at 80 °C for 2 h
under N, environment to remove solvent and minimize side reactions.
The polymer network was further dried overnight at 130 °C under
high vacuum to remove water and cure completely, resulting in
yellow/orange polymer films. Subsequently, all samples were stored in
a glovebox before further characterization. The as-synthesized
vitrimers are named xEO-Neutral or xEO-LiTFSI, where x indicates
the number of repeat units of ethylene oxide in EOAc. Neutral
vitrimer networks were synthesized by the same procedure without

adding salts.

lithium salt and ethylene oxide: r =
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VU Small-Molecule (tert-Butyl 3-Propylamino-2-buenoate) Syn-
thesis for ’Li Solid-State NMR. A small VU molecule for "Li solid-
state NMR study was synthesized based on the literature.*’”
Propylamine (1.05 equiv) and 2.1 g of 4 molecular sieves were
added to a 100 mL round-bottom flask with 6 mL of dichloromethane
(DCM). Next, tert-butyl acetoacetate (1.00 equiv) was added. The
mixture was then stirred at room temperature for 24 h and washed
with dry DCM. After the solvent was evaporated, a light yellow liquid
was obtained. The chemical structure was confirmed through 'H
NMR (CDCl;, 500 MHz) § 0.95 (t, 3H), 1.4S (s, 9H), 1.58 (m, 2H),
1.87 (s, 3H), 3.13 (td, 2H), 4.36 (s, 1H), 8.48 (s, 1H).

ATR-FTIR. Infrared spectra were obtained using a Bruker a FT-IR
spectrometer with a platinum-ATR QuickSnap sampling module. All
samples were measured at 100 °C (above Tg) to ensure good contact
between samples and window. The range of scanning is from 4000 to
400 cm™" with 32 scans and 4 cm™" resolution.

Solution-Phase NMR. 'H and *C NMR spectra were obtained
on a CB 500 MHz NMR spectrometer using CDCI; as the reference
solvent.

’Li Solid-State NMR. "Li NMR spectra were obtained by using a
Varian Unity Inova 300 MHz spectrometer. Samples were densely
packed inside 4 mm ceramic rotors in a glovebox, and measurements
were at a magic angle spinning (MAS) speed of 10 kHz with 5000
total scans. MNOVA software was used to determine chemical shifts
and assign peaks of the collected spectra. For Li-VU, r is defined as
the ratio of [small VU molecule] to [EO].

13C Solid-State NMR. A Carver B500 Bruker Avance III HD 500
MHz spectrometer was used to obtain '*C solid-state NMR spectra of
vitrimers. Samples were prepared by densely packing into a 6 mm
ceramic rotor under inert conditions. The rotor is then spun at a
magic angle spinning (MAS) speed of 8 kHz with direct polarization
(DP) mode.

DFT Simulations. DFT calculations were performed with the
Vienna ab initio Simulation Package (VASP). We use the generalized-
gradient approximation to exchange and correlation, as parametrized
by Perdew, Burke, and Ernzerhof (PBE) for all calculations.®” The
Brillouin zone is sampled at the I'-point only, and the plane-wave
expansion of the Kohn—Sham states is cut off at 400 eV. This
converges the total energy to within 1 meV per atom. Simulation cells
were constructed as follows: a cross-linking site is linked to a
vinylogous urethane on all three branches. Two branches are
terminated by a methyl group to simplify the calculation. The
remaining branch is the N—EO branch. N EO repeat units are used
for the PEO chain, with N = 2, 4, or 6. The opposing end of the PEO
chain is terminated with a vinylogous urethane. SMILES representa-
tions of all structures are available in the SI. Rotated “cage” structures
of 6-EO were constructed by the manual rotation of bond angles. The
cell geometry for N-PEO structures was optimized by relaxing all
atomic positions until forces on each atom were less than 0.025 eV
A™'. The Li*~N—EO cells were constructed by adding a Li ion at
each labeled site (Figure 4a) with a distance from the labeled atom of
~1.5 The cell geometry was optimized in a similar fashion, and the
relaxations were stopped when the difference in the total energy for
the Li*—N—EO cell between ionic relaxation steps was less than 1
meV. The ionized behavior was represented by reducing the number
of electrons in the system by 1 during relaxation and calculation of the
ground-state energy. Relaxed structures and the calculation output of
all cells are available in the Materials Data Facility.*>**** The binding
energy, Ey,, of the Li ion is defined by the following equation:

E,, =E

e = Cmol-Li

—E

+
mol ELi

where E,1.1; is the ground-state energy of the relaxed Li*-N-PEO cell,
E..o is the ground-state energy of the relaxed N-PEO cell, and E;;" is
the ground-state energy of an isolated Li* ion in vacuum.®> Calculated
ground-state energies for all reference and relaxed cells are provided in
Table S1.

Differential Scanning Calorimetry (DSC). DSC measurements
were performed on a TA Instruments DSC 2500. Samples weighing
between 2 and 5 mg were sealed in Tzero aluminum pans inside a
glovebox. Subsequently, the samples were subjected to a heat/cool/
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heat cycle in a temperature range from —60 to 120 °C with 10 °C/
min for all samples except 12EO networks, which were measured
from —100 to 120 °C at the same rate. The glass transition
temperature Tg was determined using the 1/2 ACP criterion from the
second heating cycle.

Thermogravimetric Analysis (TGA). The thermal stability of the
polymer samples was assessed on a TA Instruments QS0. Each sample
was heated from 30 to 600 °C at a rate of 10 °C/min under N,. The
isothermal experiments under N, and air were performed at 130 °C
for 2 h to confirm the elimination of water.

Electrochemical Impedance Spectroscopy (EIS). Impedance
measurements were performed using a Bio-Logic SP300 potentiostat
with a Controlled Environment Sample Holder and Intermediate
Temperature System accessories. Impedance spectra were collected
by applying an AC potential of 20 mV from 1 MHz to 100 mHz. The
real conductivity (6") was calculated from complex impedance, Z* =
Z' + iwZ” based on the equation

6,((1)) = i X A

A [Z(w) + Z'(w)]
where [ is the thickness of the film, A is the film surface area, and w is
the frequency. All samples were prepared with CR2032 coin cells that
were assembled following a previous literature protocol.** Temper-
ature-dependent impedance measurements were performed from 130
to 35 °C with 10 °C steps after reaching thermal equilibrium state at
the highest temperature.

Transference measurements were performed with a Bio-Logic
SP200 potentiostat. Circular disks from network samples were
punched out of films and maintained at >100 °C under vacuum
(<50 mbar) overnight before testing. Li/Li symmetric cells were
prepared by placing sample disks between two lithium foils with two
layers of Kapton tape (thickness ~50 pm) as the spacer to prevent
shortage. The cell was hermetically sealed using a crimper in a
glovebox. Coin cells were maintained in an iso-temperature oven set
at a specific temperature (as noted) during measurement. Trans-
ference measurements were performed following a procedure in the
literature:®® cells were charged (1 h) and discharged (1 h) with
current 5 yA/cm?, repeated 6 times to generate a stable interface
between the polymer and lithium before measurement (Figure S15a);
after 30 min, impedance spectra (1 MHz tol Hz) were obtained with
AV =20 mV. Next, AV = 40 mV was applied to the cell and current
was recorded for 2 h to generate a steady current I, and then
polarization impedance spectra (1 MHz to 1 Hz) were immediately
measured with an amplitude of 20 mV. The transference number was

I, [ AV-IgR,
Io ( AV - IR

calculated via t* = ), where R, is the initial interfacial

resistance, R, is the interfacial resistance when I is reached, Ry is the
total initial cell resistance, and Ry = Ry + Ry, Ry is the impedance of
bulk polymer. Ry, Ry, and Ry were obtained by fitting impedance
spectra to an equivalent circuit R + L + R1/Ql + R2/Q2 (Figure
S15¢,d). Results are shown in Table S3.

Rheology. Rheological characterization experiments were per-
formed by using a TA Instruments DHR-2 rheometer outfitted with
an environmental control chamber and 8 mm stainless-steel parallel
plates. Prior to each measurement, samples were prepared into a
circular geometry of 8 mm diameter using a stainless-steel mold at
130 °C by applying 3 tons for 15 min. Only the 2EO samples were
hot-pressed at 150 °C for 30 min with the same pressure due to their
longer relaxation time 7*. The samples were then loaded onto the
rheometer plates preheated at 130 °C. Neutral vitrimer samples were
measured without reprocessing, and it was confirmed that there were
no observable bubbles or cracks in the samples prior to measurement.
For the neutral vitrimer samples, the stress relaxation curve was
processed with a smoothing function in the TRIOS rheometer
software, which resulted in no significant change in the characteristic
stress relaxation time. The thickness of disk samples ranged between
800 to 900 pm. Stress relaxation experiments were then conducted at
10 °C intervals from 130 to 70 °C with applied strains of 0.5% for
2EO samples and 1% for all other samples. Temperature ramps were

https://doi.org/10.1021/acs.chemmater.3c01353
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Figure 1. (a) Synthetic scheme for vinylogous urethane (VU) vitrimers, including ethylene oxide linkers and added LiTFSI salts. Acetoacetate
groups are installed as terminal groups on PEG linkers, and reaction with tris(2-aminoethyl)amine forms a precise, telechelic VU network. (b)
Proposed mechanism of Li-ion-catalyzed vinylogous urethane exchange. Li-ion coordination can activate carbonyl group and stabilize the

zwitterionic intermediate.

performed by heating from 70 to 130 °C at a rate of 2 °C/min at 0.5
Hz. Dynamic oscillatory linear viscoelastic (LVE) experiments were
measured from 100 to 0.05 rad/s at 130 C. All experiments were
collected in the linear regime based on strain sweep measurements
from 0.1 to 1.5% for 2EO samples and 0.1—5% for other samples at
each temperature. Characteristic relaxation times were defined as the
time where normalized modulus G(t)/G, equals 1/e. These relaxation
times were plotted as a function of 1000 T and fit to an Arrhenius
equation. The activation energy for the flow was determined in each
sample from the slope.

Reprocessing. Vitrimer networks were first cut into small pieces
(<3 mm) for reprocessing. Cut samples were then hot-pressed in a
stainless-steel mold with an 8 mm diameter under the pressure of 3
tons at 130 °C or 150 °C on a Carver Hydraulic Unit Model 3912.
After 1S or 30 min, the homogeneous film was carefully removed from
the mold and quickly transferred to an argon glovebox. All
reprocessed samples were stored under inert condition to prevent
any side reaction or water adsorption.

B RESULTS AND DISCUSSION

Vitrimers were synthesized by first converting ethylene glycols
(xEGs, x = 2, 3, 4, 6, 12) into telechelic acetoacetates in the
presence of excess tert-butyl acetoacetate (tBAc). After
detecting the desired product using TLC, excess tBAc and
the byproduct tert-butanol were removed by heating at 130 °C
under a dynamic nitrogen purge (Figure 1). Acetoacetate
functionality was calculated based on peak integration from 'H
NMR for use in stoichiometry calculations (Figure S1). All
acetoacetate functionalized ethylene oxides (EOAc) exhibit a
high conversion of the alcohols. Next, neutral and ionic
vinylogous urethane (VU) vitrimers were synthesized with
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various lengths of EOAc. Conversion of the vitrimers was first
confirmed using ATR-FTIR through the disappearance of the
characteristic peaks of acetoacetate at 1711 and 1738 cm™" and
the appearance of the characteristic peaks of VU at 1645 and
1590 cm™' (Figure $2).>* In addition, thermal gravimetric
analysis (TGA) was performed to determine the degradation
temperatures and to quantitatively confirm the complete
elimination of water during the polymerization. Any unreacted
functional groups would also produce water when heated, and
thus, TGA provides a second metric of high conversion. Each
sample was heated from 30 to 600 °C under N, atmosphere at
a rate of 10 °C/min. The degradation temperatures Ty gy, Were
found to be in good agreement with the values reported in the
literature (Figure §3).#8,93,54,59,60

The glass transition temperature T, of the vitrimers was
determined by using differential scanning calorimetry (DSC)
(Figure S4). In general, T, increases with increasing cross-
linking density due to the suppression of chain mobility (Table
1), similar to prior reports.”” As discussed below, the T,
difference between 2EO and 12EO vitrimers is significant
(~88 °C) and must be taken into account when analyzing
viscoelasticity and conductivity behavior. The addition of Li
salts resulted in further increases in T, relative to the neutral
networks, consistent with prior reports in other salt-loaded
polymeric systems.”* As the concentration of Li increases,
interactions between Li ions and ether oxygens in EO restrict
the segmental dynamics.””**~>" After investigating the effect of
Li salt concentrations on ion conductivity and rheological
behaviors of 12EO vitrimers (Figures S17 and S18, Table S4),
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Table 1. Summary of Thermal and Viscoelastic
Characteristics of Vinylogous Urethane Vitrimers”

samples T (°C) Ty (°C) 7130 o¢ (min) E, (kJ/mol)
2EQO-neutral 62 265.4
2EO-LiTFSI 67 246.5 68.8 91.8 + 11.2
3EO-neutral 38 270.6
3EO-LiTFSI 46 249.2 28.7 879 + 4.0
4EO-neutral 19 273.5
4EO-LiTFSI 28 245.2 15.3 93.1 £9.3
6EO-neutral -2 277.6
6EO-LiTFSI 17 261.0 10.1 89.2 + 6.7
12EO-neutral =35 309.0 327
12EO-LiTESI -21 294.7 0.47 87.5 £ 29

“T130°c of all neutral vitrimers (except 12EO-Neutral) cannot be
obtained within the experimental time scale because of slow exchange
dynamics.

the ratio between lithium salt and ethylene oxide (defined as
= Ll
[EQ]
how other parameters such as linker length and dynamic bond
content impacts conductivity and rheology. Stress relaxation
experiments of vitrimers with three different compositions
confirm that the characteristic relaxation time of the vitrimer
(VU,q) occurs between two samples (VU-EA, (s and VU-
DAgos), as shown in Figure SS.

The viscoelastic properties of VU vitrimers were studied as a
function of linker length and salt addition (Figure 2). Both
LiTESI-containing and neutral vitrimers exhibit full stress
relaxation (Figure 2a), unlike conventional thermosets with

) was fixed at r = 0.1 for all vitrimers to understand

static cross-links. However, the characteristic relaxation time 7*
of 12EO-LiTFSI decreased by a factor of ~70 compared to the
12EO-Neutral sample (Figure S6), which is attributed to the
catalytic effect of lithium ions that act as a Lewis acid. Higher
levels of Li salt loading lead to lower activation energies for
dynamic bond exchange in an Arrhenius plot of 12EO-LiTFSI
as a function of salt concentration (Figure S18 and Table S4),
revealing the catalytic effect of Li salts. The Li-ion catalyzed
vinylogous urethane exchange mechanism is proposed in
Figure 1b.”* Non-normalized stress relaxation curves are
shown in Figure S7. The stress relaxation plateau modulus
(evaluated at time t = 1.015 s) for the 12EO vitrimer decreased
upon adding more lithium salts compared to neutral vitrimer,
which is attributed to the plasticizing effect of anions.”® *C
magic angle spinning (MAS) solid-state NMR spectrum of
12EO-LIiTFSI provided qualitative evidence that the reaction is
completed. In addition, salt addition does not hinder the
elimination of water during the reaction, as confirmed by
isothermal TGA at curing temperatures of 12EO-LiTFSI for 2
h (Figure S8). The temperature-dependent viscoelasticity of
vitrimers was also investigated by measuring stress relaxation as
a function of temperature. Faster stress relaxation was observed
at higher temperatures, as dynamic bond exchange occurs
more rapidly due to the higher thermal energy to overcome the
energy barrier (Figure 2b).

To understand the effect of cross-linking density on the
viscoelastic behavior of VU vitrimers, the stress relaxation time
of LiTFSI vitrimers was characterized as a function of
temperature (Figure 2c). The characteristic relaxation time
of vitrimers shows a single temperature dependence over this
window indicating the entire regime is controlled by a single

o
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Figure 2. Representative stress relaxation experiments and Arrhenius plots of VU vitrimers. (a) Stress relaxation curves of 12EO-Neutral (black)
and LiTFESI (red). The dotted line indicates G/G, = 1/e, which is used to define a characteristic relaxation time 7. (b) Stress relaxation curves of
12EO-LiTFSI for the temperature window between 70 and 130 °C. (c) Arrhenius plot of the characteristic relaxation time as a function of the
inverse temperature with various linker lengths. (d) Arrhenius plot of the characteristic relaxation time as a function of the inverse temperature

normalized by the glass transition temperature T,.
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Table 2. Summary of the Viscoelastic Properties of Vinylogous Urethane Vitrimers with Salts”

samples relaxation modulus (MPa)“ M, (kg/mol)
2EO-LiTFSI 2.066 1.70
3EO-LiTFSI 2.088 1.68
4EO-LiTESI 1.795 2.06
6EO-LiTFSI 1.358 2.98
12EO-LiTFSI 0.268 13.1

cross-linking density (mol/L) 7130 °c (min) E,(kJ/mol)
0.616 68.8 91.8 + 11.2
0.623 28.7 879 + 4.0
0.502 153 93.1 £93
0.347 10.1 89.2 + 6.7
0.080 0.47 87.5 +29

“Density is assumed to be 1.034 kg/mol for all samples. bStress relaxation modulus G(£) was taken at time t = 1.015 s at 130 °C.

bond exchange mechanism.>*°® Moreover, values of activation
energy for the vitrimers ranged from 87 to 91 kJ/mol, which
are in good agreement with prior work.””*> The densest
network 2EO-LiTFSI shows the longest relaxation time due to
the high cross-linking density, leading to restricted chain
mobility and slower dynamic exchanges (Table 2). As the
cross-linking density decreases, the stress relaxation times also
decrease as previously observed in telechelic silicone, ethylene
oxide, and ethylene vitrimers with boronic ester cross-
links.”*”****>% Lijterature on VU telechelic networks”>>>
showed an opposite trend which is thought to arise due to a
substantially higher molecular weight between cross-links
which alters the balance between dynamic bond sites and
mobility. Characteristic relaxation times do not collapse onto a
single universal curve for different linker lengths when plotted
as a function of the normalized temperature T,/T, which
suggests that their viscoelastic properties are decoupled from
segmental dynamics (Figure 2d). Unlike conventional PEO-
based solid electrolytes,” ~** all VU vitrimers preserved their
modulus at high temperatures due to a conserved network
topology (Figure S9).

To probe the local coordination environment, 7Li solid-state
NMR (ssNMR) was performed on samples with the same r =
[Li*]/[EO] = 0.1 ratios (Figure 3). "Li ssNMR is often used to
investigate the interaction between Li ions and dipoles along
with polymer chains.”””” Lithium can accelerate VU bond
exchange and be solvated by ethylene oxide by coordinating
with the ether oxygens.”” Here, Li-EO refers to a mixture of
LiTFSI salts and diethylene glycol ethyl ether (DEG) that
serves as a small-molecule PEG mimic. Li-VU refers to a

- —_/\ ===Li-EO
= 12EO
< e GEO
2 —4EQO
2 e 3E O
L 2EO
c __/\ s |_j-\/U
_3 T T T 2

2 -1 0 1
Chemical Shift (ppm)

Figure 3. "Li solid-state NMR illustrating the effect of various linker
lengths on coordination of Li* with ether oxygens and VU dynamic
bond sites.
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mixture of LiTFSI salts and a small-molecule VU compound
without any EO functionality (Figure S10). Li-ion coordina-
tion with the VU dynamic bond and the EO backbone is
detected at distinct wavenumbers and chemical shifts. In the
FTIR spectra of the vitrimers, the vinylogous urethane peaks
shift to lower wavenumbers (Figures S2 and S16) as Li ions
coordinate with different sites along the VU backbone. In
addition, the Li-ion coordination environment in the networks
systematically changes as a function of the linker length
(Figure 3). For longer linkers, ethylene glycol coordination
with Li is preferred over coordination to the VU sites. PEO-
based polymer electrolytes generally require six ether oxygens
to form stable coordination with lithium cations.***> However,
short linkers cannot effectively solvate Li, and instead the
cation sits preferentially at the VU site, as clearly observed in
the 2EO network. However, all vitrimers exhibit broader peaks
compared to those of the two reference samples, which
indicates a complex interplay of solvation sites in the polymer
networks.

The interaction of Li ions with different sites along the VU
backbones (O and N) was investigated using density
functional theory (DFT) simulations (Figure 4). Simulation
cells were composed of three branches of PEO chains. Two
branches are terminated by a methyl group to simplify the
calculation. The remaining branch is the N-PEO branch (N =
2, 4, or 6) and is terminated by a VU (Figure 4a). Before the
binding energy was calculated, all atomic positions were
relaxed (see the Supporting Information). All binding energies
of Li ions along different sites are summarized in Table SI.
Delta binding energy (E,.) is used to determine which site is
more favored and stable compared to N1 at the dynamic
bonding site. For both 2EO and 6EO systems, E4, values of
ether oxygen sites (O1—7) are lower than those of the dynamic
bonding sites (N2, DO1, N3, DO2), confirming that Li-EO
coordination is favored rather than Li-VU coordination (Figure
4b). In general, longer EO chains result in lower Eg4,, which is
consistent with "Li ssNMR results where longer EO chains
have peaks closer to the EO-VU reference peak (Figure 3).

The ionic conductivity of vitrimers with Li salts was
measured using electrochemical impedance spectroscopy
(EIS) over a broad temperature range (130 to 35 °C) as
shown in Figure S. The ionic conductivity of 12EOQ-LiTESI at
35 °C is 5.52 X 107% S/cm. However, in the case of 2EO-
LiTFS], it can be measured above 65 °C due to its low
conductivity. As cross-linking density increases, ionic con-
ductivity decreases due to glass transition temperature (Tg)
effect (Figure Sa). Higher T, impedes segmental dynamics of
polymer chains, resulting in hindered ion transport.”>”> The
ionic conductivity values at 70 °C are 9.36 X 107>, 3.94 X 1075,
6.47 X 1077, 7.71 X 107 and, 8.86 X 10~° S/cm, for samples
12EO, 6EO, 4EO, 3EQO, and 2EO, respectively. It is worth
noting that all samples are well described by the Vogel—
Fulcher—Tamman (VFT) model (Table S2), which indicates
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Figure 4. Density functional theory (DFT) reveals interactions between Li ions and binding sites. (a) Structure of a relaxed VU vitrimer in the
presence of Li ions. (b, c) Plot of delta binding energy Eg, of a Li ion with different binding sites, where Eq, is calculated by subtracting the binding

energy of each site from binding energy of N2.
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g
polymer segmental dynamics.

coupling between segmental motion and ion transport in
polymer electrolytes (Figure S11). However, there is no
discernible trend among VFT fit parameters with the linker
length or dynamic bond concentration. In order to understand
the role of T, on conductivity, ionic conductivity for VU
vitrimers is plotted against T,/T (Figure 5b). The data for all
networks superimpose after normalizing the temperature by T,
indicating that the chemical details of the solvation environ-
ment are not significant contributors to the conductivity.
Despite the large difference (~88 °C) in T, between 2EO (67
°C) and 12EO (—21 °C) vitrimers, ionic charge transport is
primarily dominated by segmental dynamics in these networks.
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The superposition of ionic conductivity is observed to be
highly reproducible (Figure S12).

We further assessed the reprocessability and recyclability of
EO-VU vitrimers for sustainable electrolyte applications
(Figure 6). VU vitrimer samples were cut into small pieces
and hot-pressed as described above (Methods section), except
for the 2EO-LiTFSI samples, which were hot-pressed at 150
°C for 30 min with the same pressure due to the higher cross-
linking density and T, Only EO-LiTFSI samples can be
reprocessed due to the catalytic effect of the lithium cations,””
whereas the neutral networks are effectively intractable. Ionic
vitrimer samples were able to be reshaped into homogeneous
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Figure 6. Demonstration of the reprocessability and recyclability of VU vitrimers. (a) Reprocessing of VU-Neutral and LiTFSI pieces into
homogeneous films using a hot press. (b) Dynamic oscillatory linear viscoelastic (LVE) experiments and (c) FTIR data of 12EO-LiTFSI. These
data illustrate that there is no significant degradation of dynamic bonds before and after recycling.

films by reprocessing. Dynamic oscillatory LVE experiments
were performed to check for property variations after
reprocessing and to determine the feasibility of recycling. As
shown in Figure 6b, a slight decrease in the storage modulus
plateau (0.20—0.15 MPa) was observed after the first recycling
process. The change in mechanical properties can be attributed
to moisture from the environment, which can be introduced
during reprocessing under ambient conditions. ATR-FTIR
spectra for samples before and after recycling were examined to
assess changes in the functional groups. It is worth mentioning
that the location of the peaks does not change, suggesting that
there is no significant degradation of dynamic bonds (Figure
6¢), consistent with no change in color.

B CONCLUSIONS

In this work, the competing effects of EG length and VU
concentration on salt partitioning, ionic conductivity, and
linear viscoelasticity were investigated for a series of precise
VU vitrimers. Compared to neutral vitrimers, a characteristic
relaxation time for VU vitrimers is accelerated by a factor of
~70 due to the catalytic effect of the LiTFSI salt. The cross-
linking density of the vitrimers was controlled using different
linker lengths, and stress relaxation times increased with higher
cross-linking density and increasing T, The characteristic
relaxation times do not superimpose when normalized by T,
suggesting that the viscoelastic behavior is partially decoupled
from segmental dynamics. However, the ionic conductivity
collapses onto a universal curve upon normalizing the
temperature by T, which implies that ionic charge transport
is strongly coupled to segmental dynamics. From this
perspective, the different coupling behavior of viscoelastic
and ionic conductivity properties with segmental dynamics can
be utilized to independently tune the mechanical and ion
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transport properties of vitrimer electrolytes. In addition, "Li
ssNMR and DFT simulations indicate that Li ions prefer to
coordinate with oxygens along with ethylene oxide chains
rather than VU bond sites as the linker length increases, and
the chains have a greater ability to solvate the cations.
Reprocessability of the salt vitrimers was further demonstrated
with the addition of salt using a hot press method, indicating
the ability of these solid electrolytes to be recycled. Overall,
this work provides new insights into the effect of salt addition
and cross-linking density on the viscoelastic and ionic
conductivity properties of VU vitrimers, which provides new
avenues for controlling the mechanical and ion transport
properties of recyclable solid polymer electrolytes.
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