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Abstract

Mono- and Multivalent Ion Conduction in Solid Polymer Electrolytes

by

Nicole Sophie Michenfelder-Schauser

Batteries are an integral component in society’s technology revolution, enabling mo-
bile phones, laptops, electric vehicles and renewable energy storage. The importance
of electrochemical energy storage will continue to grow as we tackle critical and time-
sensitive concerns surrounding fossil fuel use and climate change. One of the limita-
tions of current battery technology is the electrolyte, which enables battery function by
transporting ions between the anode and cathode electrodes. Current organic liquid
electrolytes are highly flammable, and limit possible future battery chemistries. Poly-
mer electrolytes are promising alternatives with improved safety, mechanical and elec-
trochemical stability, and the potential to enable multivalent battery technology which
can increase energy density. Critically, however, they suffer from low ionic conductivity,

preventing their current use in applications.

This thesis explores design rules in a new family of polymer electrolytes based on
metal-ligand coordination. Through the design of a model materials platform, we are
able to examine the role of ion identity and concentration on polymer conductivity
and mechanical properties, showing that these metal-ligand polymers decouple con-
ductivity and mechanics through appropriate choice of metal ion. New insights on
polymer dielectric properties and ion aggregation are also discussed, wherein we em-
phasize that additional design flexibility is achieved by tuning the polymer backbone

separately from the ligand groups used to dissolve and interact with the metal salt.
Xiv



Additionally, significant improvements in ionic conductivity are achieved by tuning the
ligand density and linker chemistry of the imidazole ligand species used in this model
platform; ligand density provides a 10-fold improvement in conductivity, while tuning
linker chemistry enables a 100-fold increase in conductivity performance, along with

improved Lit transport properties.

Lastly, we take a step back to explore how this series of studies fits into the larger
body of work published on polymer electrolytes since their discovery in the 1970s. A
data mining and visualization study reveals the continuing challenges in appropriate
data reporting. Furthermore, the wide array of polymer chemistries studied show vary-
ing trends in the characteristics thought to influence ionic conductivity performance.
Nevertheless, statistical learning techniques are able to corroborate the importance of
polymer glass transition temperature, monomer solvating group electronegativity, and

anion size on ionic conductivity.
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Chapter 1

Introduction

1.1 Polymer electrolytes for energy applications

The development of lithium ion battery technology starting in the 1980s has en-
abled rapid advances in consumer electronics while delivering promise for applications
such as grid storage and electrified transportation.[1, 2] For consumer electronics and
transportation, the high energy density of lithium-ion batteries provides the perfor-
mance necessary for powerful devices and vehicles with the acceleration and range
needed to replace combustion engines. Batteries also enable the adoption of renew-

able energy technologies where intermittency is currently a critical limitation.

A battery is composed of two electrodes separated by an electrolyte (Figure 1.1).
While the electrodes define the battery chemistry, operating voltage and capacity, the
electrolyte is a critical component that enables battery operation. The electrolyte must

physically separate the anode and cathode, prevent electrons from passing from one to

Reproduced in part with permission from [164]: N. S. Schauser, R. Seshadri, and R. A. Segalman.
Multivalent Ion Conduction in Solid Polymer Systems. Mol. Syst. Des. Eng., 4, 263 (2019). DOI:
10.1039/c8me00096d Copyright 2019 Royal Society of Chemistry.
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the other internally, and conduct the ions relevant to the battery chemistry (e.g. Li*
for a Li-ion battery). A sufficient electrolyte ionic conductivity is necessary for battery
operation; low conductivity results in a significant voltage drop across the electrolyte,
limiting both the total energy available to extract from the battery and the rate at
which the energy can be extracted (power density). Additional characteristics that are
required for an electrolyte include electrochemical stability, large transference num-
ber (fraction of current transported by the ion of interest), and safety. Conventional
electrolytes are made from an organic liquid, such as ethylene carbonate, mixed with
a lithium-based salt (for Li-ion batteries). Liquid electrolytes also require the use of
a porous separator material which provides the mechnical stability to physically sepa-
rate the two electrodes. While liquid electrolytes have high ionic conductivity, enabling
good device performance, they are also generally volatile, highly flammable, and haz-

ardous to human and environmental health.[1, 2]

e — e \ e —— e \
Electrolyte: Electrolyte:
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Figure 1.1: A battery is composed of an anode, an electrolyte+separator, and a cath-
ode. Conventional electrolytes are organic liquids mixed with metal salts, which
provide good conductivity but poor safety and mechanical performance. Replac-
ing this with a polymer electrolyte reduces safety concerns and enables new battery
chemistries, but suffers from low ionic conductivity.
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Solid polymer electrolytes have mechanical and chemical stability advantages over
their liquid counterparts, but suffer from low ionic conductivities. The discovery of
ion conduction in polymers began in the early 1970s, with alkali salts mixed into
poly(ethylene oxide) (PEO) [3]. Since then, countless researchers have studied the
use of polymers for both Li* and other ion conduction applications, focusing both on
fundamental understanding of the ion dissolution and transport mechanisms, as well
as improving conductivity performance for practical application. The ubiquitous nature
of polymers in both structural and functional applications world-wide speaks to their
significant property tunability through varying polymer chemistry. Not only can one
vary the monomer chemistry, but the architecture of the polymer can also be tuned
to affect polymer properties. Linear, branched,[4, 5] brush,[6-8] dendrimer, star,[9]
random- and block-copolymer,[7, 10-12] and cross-linked[13, 14] architectures are
readily available for most polymer chemistries, providing an additional lever to change
the mechanical and ion-conductivity response of a polymer electrolyte. Thus, polymers
can be designed with sufficient mechanical rigidity to act as a robust separator between
battery electrodes, while still enabling conformal contact between the electrodes and

imparting a pathway for ion transport.

Polymer electrolytes may also enable new chemistries for both anode and cathode
materials. On the anode side, it has been suggested that improved polymer electro-
chemical stability and mechanical rigidity could enable lithium metal, which would
result in a nearly 10-fold improvement in theoretical energy density.[15, 16] However,
many challenges remain in achieving safe device designs that effectively mitigate den-
drite growth concerns.[14] Polymer electrolytes can also enable high-density cathodes
such as lithium-sulfur and lithium-air chemistries.[17, 18] As will be discussed fur-

ther below, polymer electrolytes are also being studied for use with multivalent battery
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chemistries.

1.2 Mono- versus multivalent ion transport

While lithium boasts high gravimetric energy densities and a low reduction po-
tential, safety and cost concerns and promises of higher energy densities motivate
the development of new chemistry platforms. Multivalent batteries, such as those
based on Mg?*, Zn?*, or AI** can dramatically reduce cost and improve device safety
due to their increased abundance and reduced reactivity.[19-22] Further, multiva-
lent batteries have higher volumetric energy density compared to lithium.[19] While
metallic lithium anode batteries can obtain theoretic volumetric energy densities of
2062 mAh cm 3, this is increased to 3833 mAh cm 2 for magnesium and 5851 mAh cm 3
for zinc.[19] This results from the larger charge to ionic radius ratio for many multiva-
lent cations compared to Lit. However, many challenges exist for multivalent battery
chemistries, most importantly the low mobility of multivalent ions in both electrode
and electrolyte materials due to the higher charge density of multivalent species lead-
ing to stronger interactions with the surrounding matrix.[23] Further, electrochemi-
cal compatibility presents a significant challenge because of the lack of understanding
of how a solid-electrolyte interphase (SEI) would function in these materials. This
is particularly true in magnesium batteries where stable Mg?" stripping and plating
is mostly limited to liquid electrolytes such as those based on Grignard reagents or

oligoethers.[24, 25]

The enhanced mechanical and electrochemical stability of polymer electrolytes com-
pared to organic liquids makes them advantageous for both lithium-ion and multiva-

lent ion batteries. Their mechanical robustness facilitates device processability while

4
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maintaining intimate contact with electrodes during battery cycling. Polymers can also
function as both the electrolyte and separator material, potentially enabling higher
energy density devices.[26] Further, the thermal and electrochemical stability of poly-
mers enhances overall device safety and widens the operating voltage window, allowing
for a broader range of cathode and anode chemistries[27] such as enabling reversible
stripping and plating of magnesium metal anodes.[24] However, similar to the case of
lithium transporting polyelectrolytes, multivalent ion transporting polyelectrolytes ex-
hibit low ionic conductivities which limits their practicality for applications. While ade-
quate conductivities of 1072 S cm ™! are sometimes achievable at elevated temperatures,
room temperature conductivities are generally at least an order of magnitude lower.[2]
This deficit is exacerbated for most polymer electrolytes because these conductivities
reflect total ion motion while only cations contribute to the battery function.[28, 29]
The actual cation conductivity is usually a minority fraction of the total quoted ionic
conductivity (transference numbers «1). High anion mobility also creates concentration

gradients that may lead to uneven metal plating and stripping.[16]

Since a majority of published work on lithium-ion conducting electrolytes relates
to Li™ in PEO derivatives, the overall scope of design rules established is conflated to
some degree with the specific attributes of PEQ’s interaction with Li*. Recent work
suggests that other polymer chemistries interact differently both with Lit and other
battery-relevant ions.[30-32] For example, while ion-ion interactions still dominate
performance, the effect of the T}, appears to be less important in governing ion mobility

in non-polyether chemistries (see discussion in Chapter 7).
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1.3 Mechanisms of ionic conductivity

Increased understanding of the mechanisms of ion transport in polymers can pro-
vide guidance for the design of polyelectrolytes optimized for mono- and multivalent
ion transport. Conventional polymer electrolytes are formed by dissolving a salt into a
polymer matrix. The interactions between the cation, anion, and polymer control the

performance of the resulting electrolyte (Figure 1.2).

Segmental dynamics Cation solvation dynamics

Factors \
affecting ion

Qanspoy
S~

Cation-anion interaction Solvation site connectivity

Figure 1.2: Overview of factors affecting the performance of multivalent ion transport
in polymer electrolytes. These include the importance of segmental dynamics, the
timescale for solvation site exchange, cation-anion interactions, and solvation site
connectivity (i.e., percolation shown in orange) in determining ion mobility and the
fraction of current transported by the cation of interest.

Ionic conductivity is broadly governed by two interconnected factors: ion concen-
tration and ion mobility.[33] High ion concentration is achieved through the long-lived
dissociation of a salt into its respective ions, without aggregation into pairs, triplets or
other species which could impede ion motion. The extent of salt dissociation depends

on the identity and concentration of the cation and anion as well as the interactions be-

tween the ions and the polymer matrix. Spontaneous dissolution of salt into a polymer
6
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requires a negative Gibbs free energy, which results from a more negative solvation en-
ergy of the ions within the polymer compared to the lattice energy of the salt. Typically,
cations rather than anions are solvated by the polymer, and thus interact more strongly
with the polymer matrix. Since these are also the species of interest for conduction,

there is an inherent trade-off between salt dissolution and subsequent cation mobility.

Optimizing the electrolyte requires a detailed understanding of how the polymer
environment affects the structure and mobility of the dissolved salts. Typical ion con-
ducting polymers have dielectric constants an order of magnitude lower than compa-
rable liquid electrolytes, significantly reducing ion dissociation and increasing the im-
portance of ion identity. The connectivity and chain architecture of polymers has been
shown to affect the local dielectric environment around solvated ions, leading to fur-
ther behavioral differences between polymers and liquid electrolytes.[34, 35] The use
of more polarizable or larger counterions with smaller lattice energies should lead to
higher dissociation rates and improved ionic conductivity.[36] Further, while increas-
ing salt concentration should increase ion concentration, ion-ion interactions result in
the formation of ion pairs or larger aggregates which reduce the ion concentration from
its theoretical maximum value. These ion-ion interactions also reduce the mobility of
ions due to coulombic drag forces and dynamic polymer crosslinking.[26] Experimen-
tal and theoretical studies suggest that increasing the dielectric constant of the polymer
environment can reduce ion-ion interactions by improving screening between ion pairs,

thus leading to enhanced dissociation and ion mobility.[37, 38]

Ion-polymer interactions also play a significant role in ion mobility. Polymer sol-
vation sites, which stabilize the dissociation of a salt into its respective ions, generally
interact more strongly with cationic species, which are also the ions of interest for most

applications. Polymer segmental dynamics, generally tracked by the polymer glass
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transition temperature, 7, affect the mobility of ions and are commonly accounted for
through a Vogel-Fulcher-Tamman (VFT) relationship of conductivity with temperature.
The dynamics of the polymer-cation solvation interaction also govern ion mobility by
determining the timescale for release of the cation species from relatively immobile

solvation sites.[39]

Improving ionic conductivity in polymer electrolytes requires increasing ion con-
centration and mobility. Microscopically, ion mobility is achieved through successive
ion hops from a current solvation site to a nearby open site.[26, 40, 41] The proba-
bility of a successful hop hinges on the proximity of a nearby open site and is medi-
ated by local fluctuations in distance between sites (Figure 1.2). Thus, for polymers
above their 7, the motion of ions is generally related to the segmental dynamics of the
polymer.[39, 42] Anion mobility is also loosely tied to the glass transition temperature,
as anions require free volume or segmental rearrangement to move through the poly-
mer matrix. Even for polymers at or below their 7}, conductivity behavior as a function
of temperature can follow VFT scaling if the activation energy for ion hops changes
as a function of temperature.[43] This convolution of effects can make it challenging
to identify the fundamental mechanism of ion transport in a polymer electrolyte. It is
clear, however, that in general for higher conduction the goal is to use salts with as low
a lattice energy as possible for maximum dissociation and to design a polymer with
labile cation interactions, or preferential anion interactions, to enhance cation mobil-
ity. For multivalent species, these requirements become more challenging, since charge
densities increase, resulting in a larger salt lattice energy and stronger polymer-ion
interactions. Thus, multivalent cations are expected to exhibit more ion pairing and

aggregation as well as lower mobilities.
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1.3.1 Total conductivity measurements

By far the most common method for measuring total ionic conductivity is using elec-
trochemical impedance, or dielectric, spectroscopy (EIS) (Figure 1.3). EIS measures
the response of a material to a frequency-varying stimulus.[44, 45] This technique
applies a small-amplitude sinusoidal voltage (for potentiostatic EIS) or current (for
galvanostatic EIS) to an electrolyte sandwiched between two paralell plate electrodes
(current collectors), with precise control of the sample thickness, area and tempera-
ture. The frequency is swept from high to low, capturing the electrolyte’s ability to
couple to the input signal at varying timescales. At high frequency, only electronic
polarizations can react to the quickly-varying electric field, resulting in a small signal
response. As the frequency is decreased, other polarization mechanisms couple with

the field, including atomic polarization, dipole re-orientation, and finally ion hopping.

All measurements in this thesis were performed using potentiostatic EIS. The cur-
rent response is recorded as an amplitude (impedance, Z) and phase angle shift (¢).
The data is generally plotted as a Nyquist plot, which is the in-phase (resistive re-
sponse, Z') versus out-of-phase (capacitive response, Z”) impedance (Figure 1.3d).
While impedance spectroscopy provides rich information about the timescales of var-
ious polarization responses in a sample, most analysis focuses on generating a ‘DC
conductivity’. This can either be done by fitting equivalent circuits or using known
relations to calculate conductivity as a function of frequency.[46] The simplest equiva-
lent circuit consists of a resistor and capacitor in parallel, which generates a semicircle
on Nyquist plots. Importantly, EIS is an alternating current technique, meaning it is

agnostic to the type of ion moving; thus all mobile ions are probed.
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Figure 1.3: Electrochemical impedance spectroscopy measures a material’s ability to
couple with a sinusoidal electric field as a function of frequency. (a) The polarization
mechanisms change as a function of frequency, with ion hopping only occurring at
low frequency. (b) A typical sandwich cell set-up used in this dissertation. (c) The
material’s response is measured as a amplitude () and phase(¢) shift from the input
signal. The data can be represented in either (d) Nyquist format or (e) showing the
real component of the conductivity as a function of frequency; the ‘DC’ conductivity
is extracted from the touch-down or conductivity plateau in each respective represen-

tation.
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1.4 Transport (and transference) number measurements

In addition to total ionic conductivity, the contribution from the ion of interest, typ-
ically the cation species, is extremely important for applications. There are two metrics
of importance here, the first is the cation transport number, and the second is the trans-
ference number.[47] These metrics are tightly related and often used interchangeably,

but measure slightly different electrolyte properties.

The transport number is defined for a single species, such as Li* or Zn?":

b=+ %% (1.1)

Ototal 04 +o-_

where o, is the contribution to the conductivity from the cation, and oy, = 0, + 0_
is the total ionic conductivity. The product of the cation transport number, ¢, and the

total conductivity, o;,:4;, thus provides a measure of the cation conductivity.[48]

However, polymer electrolytes have significant amounts of ion pairing and cluster-
ing, resulting in the existence of other ionic species, such as [M;X]" or [M X,]~, where
MT is the cation species (monovalent in this case) and X~ is the anion. These species
each have their own transport numbers, and the sum of all transport numbers relevant

to a specific ion of interest is defined as the transference number (7",):

T, =ty++ 2t[M2X]+ — t[MXg]— + ... (1.2)

Transport and transference number measurements are not straightforward in poly-
mer electrolytes, with significant discussion arising over the past few decades on the
appropriate experimental techniques to accurately capture the transport behavior of

the cation. Electrochemical impedance spectroscopy (EIS), typically used for ionic con-
11
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ductivity measurements, is an ac current technique and does not distinguish the species
which contribute to the measured total ionic conductivity. Although several methods
have been proposed for extracting transport/transference numbers, it is important to
note that drawbacks for each of these methods arise in the case of lithium-ion con-
ducting polymers[49-51] and seem to be exacerbated for multivalent ions due to their
higher propensity to form ion aggregates, as well as their generally higher interfacial

resistances with non-blocking electrodes of their corresponding metals.

1.4.1 Chronoamperometry

Chronoamperometry is the simplest and most common way of measuring the ion
transport number but becomes inaccurate in systems with high interfacial impedance
or with ion pairing.[52] In this method, a constant voltage is applied to a symmetric
cell with non-blocking electrodes for the ion of interest, and the current is tracked as a
function of time until steady-state is reached. The transport number is then calculated

as

L I (AV — IgRy)
T Ig(AV — I,R,,)

(1.3)

where AV is the potential difference applied across the cell, I is the current and R is the
interfacial resistance, and the subscript ss corresponds to measurements performed at
steady-state while 0 corresponds to measurements at the beginning of the experiment

prior to polarization.

This method has been used to report transport (mostly called transference in the lit-
erature) numbers for a variety of multivalent polymer electrolytes, with widely varying
results. For Cu®" in poly(ethylene oxide) (PEO), values range from 0.0832 to 0.24.[53]

12
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Labile divalent species such as Hg?" and Pb?" exhibit high transport numbers of 0.25
and 0.6, respectively.[54] It was suggested that the known lability of Cu?* and Hg?*
for metal—ligand water exchange rates correlates well with measures of higher contri-
bution to the current from the cation species in PEO.[55] Transport numbers for Mg?*
with ClO; counterions in PVA/PAN blends, are measured to be reasonably high, rang-
ing from 0.27 to 0.33 even though Mg?" is expected to have slow exchange rates as
measured in aqueous solution.[55] It is possible that the addition of solvating groups
distinct from ether oxygens, as well as the use of different anion species could be
enhancing the cation transport in these systems; however, these values should be re-
garded with caution until a more systematic study is performed due to some challenges
in implementing such measurements. First, the quoted transport number is highly de-
pendent on the initial current reading, [;, with a slower data acquisition speed re-
sulting in a lower initial current and thus an improved transport number. This was
recently addressed for lithium electrolytes, with the suggestion that the initial current
be calculated from the initial impedance rather than the first recorded point in the
chronoamperometry.[49] Further, to get enough current signal for accurate measure-
ment, large cell polarizations are needed. This stems from the inherently low con-
ductivity of polymer electrolytes as well as the large interfacial resistances commonly
observed in symmetric cells containing multivalent metals. Strictly speaking, the theory
mentioned above only holds for small potentials on the order of 10 mV, though many
studies use 20 mV or even 100 mV for measurement without significant issue; applied
voltages up to 1V, however, are a significant departure from equilibrium and are too
large for accurate application of this theory. Large changes of interfacial resistance
over the course of the measurement also present a concern, as this suggests signifi-
cant parasitic reactions and decomposition that could be contributing to the measured

current.[56]
13
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Lastly, the issue of ion pairing affecting the transport number measurement cannot
be overlooked; in concentrated or otherwise non-ideal electrolytes where ion-ion inter-
actions are most prevalent, the above relationship does not hold, and a more detailed
understanding of the mobility of various species is needed for transference number
analysis.[57, 58] This is especially relevant for multivalent electrolytes, which tend to
have stronger ion-ion interactions, as discussed further below. Given the above compli-
cations with this technique, it is not surprising that transport number measurements for
multivalent ions vary widely. At the very least these experiments suggest that divalent

ions are indeed somewhat mobile in polymer electrolytes.

1.4.2 Pulsed-field gradient NMR

Nuclear magnetic resonance (NMR), specifically pulsed-field-gradient (PFG) NMR,
has been used as an alternative strategy for measuring diffusion coefficients of ions
of interest which can then be used to calculate transport/transference numbers. PFG
NMR measures the diffusion coefficient of an NMR active nuclei, with the ability to
both distinguish ion environments through chemical shift and measure multiple diffu-
sion coefficients of nuclei within the same chemical shift environment.[59, 60] How-
ever, for many polymer systems, this technique cannot distinguish between the motion
of unassociated single cations and those aggregated with other ions because PFG NMR
measures diffusion over a length scale of a few micrometers. Ions hop through a poly-
mer matrix in a series of association and dissociation events with both solvating units
on the polymer and with their counterions. Over the time and length scale of a PFG
NMR measurement, the ions being tracked have existed in a mix of environments rang-
ing from mobile ions to immobile solvated ions to aggregates. The diffusion coefficient
measured is thus an average diffusion coefficient weighted by the time spent in the var-

14
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ious mobile and immobile environments. This exchange between environments over
the PFG NMR measurement timescale makes it more difficult to identify the exact na-
ture of the mobile nucleus of interest. However, it does allow for determination of
whether the species is mobile at all. A PFG NMR transport number is defined, for a

multivalent cation with monovalent anion salt, as

Z+_D+

t = 1.
HNMR = T (1.4)

where 2z, is the valency of the cation, and D_ are the diffusion coefficients of the species
containing the cation and anion as measured via PFG NMR. Thus, this measurement
of transport includes the implicit assumption that all ions are perfectly dissociated and

non-interacting over the course of the measurement.

A promising opportunity to begin to extract the diffusion coefficient of solely ionic
species within polymer systems comes with electrophoretic PFG NMR, which mea-
sures the diffusion under an applied electric field and thus weights the diffusion of
ionic species more heavily.[61, 62] This technique would allow for the measurement
of the true transference number (77.) rather than an assumed transport number. Elec-
trophoretic NMR is not readily available, however, and has yet to be applied to polymer

electrolytes.

While gaining prevalence in lithium-based conductors, we were the first to use PFG
NMR for multivalent ion conductors due to the difficulty of finding appropriate multiva-
lent nuclei for NMR (see Chapter 3).[5] While many divalent species are NMR-active,
most have such low gyromagnetic ratios or abundance that direct detection, especially
for diffusion measurements, is infeasible. This necessitates indirect confirmation of mo-

bility through a comparison between the total ionic conductivity measured by EIS and
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that calculated from diffusion coefficients measured via NMR. The ionic conductivity
contribution that is expected from a set of i species based on their diffusion coefficients

can be calculated as

F2

where F' is Faraday’s constant, R is the ideal gas constant, T is the absolute tempera-
ture, and z;, ¢;, and D; are the valency, concentration, and diffusion coefficient of the
i" species.[33] This equation requires knowledge of the exact concentration of ions
present as well as their diffusion coefficient; typically, it is assumed that the salt is
fully dissociated and thus the relevant ion concentration is the initial concentration of
salt added to the system. This assumption provides an upper bound on a species’ con-
ductivity contribution. If the conductivity contribution from the measured species is
insufficient to recover the total ionic conductivity measured via EIS, then an additional

species must be present in the system to contribute the remaining conductivity.

This technique was used in recent work on Zn?* conductivity within a PEO-imidazole
polymer system, discussed in Chapter 3.[5] The anion diffusion coefficient was mea-
sured using PFG NMR, and the ionic conductivity was calculated assuming no cation
contribution. It was found that this conductivity underestimated that which was mea-
sured using EIS, indirectly suggesting a contribution from the Zn?* cations within the
system. Importantly, it should be noted that while the mobility of the divalent Zn?*
species was estimated to be slightly less than half of the corresponding Li* species in
the equivalent polymer system, the contribution to the conductivity was comparable
between the two ions (¢, = 0.18 for Li* and ¢, = 0.13 for Zn**). This highlights the
benefit of a multivalent as opposed to monovalent cation for conductivity: assuming

the same cation concentration, a multivalent cation can have a diffusion coefficient
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that is smaller by a factor of its valency and still contribute equivalently to the ionic

conductivity.

Indirect measurements of transport number using PFG NMR do not work for all
multivalent cations. For some multivalent species such as Cu?*, unpaired electrons
significantly increase the speed of NMR signal decay, making diffusion measurements
of even the anion species impossible under most experimental conditions. Thus, this
technique will be limited to either NMR-active nuclei, or at least NMR-friendly nuclei

for indirect measurements of cation contributions to ionic conductivity.

1.4.3 Newman method

A more rigorous method for actual transference number determination stems from
thermodynamic considerations but is limited by experimental complexity and propen-
sity for propagating error.[58] The transference number can be calculated from sepa-
rate measurements of potential versus concentration, restricted diffusion, and steady-
state current. Unlike the previous two techniques, this method holds for concen-
trated and non-ideal solutions.[58] These measurements require non-blocking elec-
trodes (e.g. metal foil) for the metal cation of interest and have been shown to result
in negative transference numbers as low as —0.38 and —4.4 for Li* and Na*, respec-
tively, in PEO. [49, 58] This is in stark contrast to measurements using the steady-state
or PFG NMR methods on the same systems, where the transference/transport number
remained positive over the entire concentration range. The existence of ionic clusters
can give rise to negative transference numbers, which means that current is primarily
transported by negatively-charged aggregates, and thus cations move in the “wrong”
direction within a cell.[49, 58] Unfortunately, this method is not popular, possibly due

to the number of experiments that must be performed. One potential issue for these
17
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measurements is that they can be influenced by the presence of a solid electrolyte inter-
phase (SEI) that typically forms between the polymer and metal foil. This shortcoming
has been acknowledged for lithium systems and could play a significant role for mul-
tivalent systems if a stable interface cannot be formed, or if the interfacial resistance
becomes too large.[49] To our knowledge, this method has not yet been applied to
multivalent electrolytes. Nonetheless, the use of this technique for multivalent elec-
trolytes could provide critical information about the primary means of cation transport

in such systems.

1.5 Polymer electrolyte mechanics

Multivalent ions within ion-conducting polymers may provide beneficial mechanical
properties compared to their lithium counterparts. The use of polymer electrolytes in
devices enables safer, simpler and more flexible device design if the polymer can act as
both the separator and the electrolyte. This requires a robust polymer membrane. Most
studies of multivalent polymer electrolytes have focused on ionic conductivity, but not

on the mechanical properties of the resulting films.

1.5.1 Polymer rheology

Rheology is the study of the flow and deformation of materials, and is particu-
larly useful for studying polymer mechanics. The analysis of polymer mechanics from
rheological data is a highly active scientific field, and can provide rich information
about local polymer interactions as well as bulk properties.[63—-65] Polymers exhibit

viscoelastic behavior, meaning their deformation response depends on both the force

18



Introduction Chapter 1

and the rate of the applied force.[66] This is a combination of a fluid-like viscous
response and a solid-like elastic response. Similar to EIS measurements, rotational
rheology measures the frequency- (or temperature-)dependent polymer mechanical re-
sponse to a sinusoidally-varying stimulus, in this case a shear force applied to a disk
of polymer sandwiched between two parallel plates (see Figure 1.4a). The polymer
mechanical response is typically represented by the shear modulus, G (shear stress
divided by shear strain), as a function of frequency or temperature. The response is
typically split into two metrics, the storage modulus, G, which measures the elastic or
in-phase polymer response, and the loss modulus, G”, which measures the viscous or

out-of-phase response (Figure 1.4b).

The nature of the response curve depends on the properties of the polymer (Fig-
ure 1.4c). All polymers start with a glassy plateau at high frequency/low temperature,
transitioning through their 7}, to a rubbery material. A low molecular weight polymer
will quickly exhibit terminal flow at low frequency/high temperature where G’ and
G" versus frequency on a log-log plot will have a slope of 2 and 1, respectively. As
molecular weight increases, the transition to the terminal regime is delayed, resulting
in a larger rubbery plateau which occurs due to entanglements and polymer-polymer
interactions. A fully cross-linked polymer will not transition into terminal flow, show-
ing frequency-independent behavior at low frequency. Ion-containing polymers typi-
cally show intermediate behavior between these two extremes since the ions within
the polymer matrix interact dynamically with the polymer, leading to transient cross-
links which create a solid-like response at high frequency but a liquid-like response
at low frequency/long timescales.[63, 67] These curves are generally collected over
many orders of magnitude in frequency, and often are completed using the principle

of Time-Temperature Superposition (TTS), which states the equivalence between long

19



Introduction Chapter 1

timescales and low temperatures. Many materials are rheologically complex, meaning
that TTS should not hold over the entire range of responses of the material; however
generally TTS holds reasonably well, enabling the creation of a master curve exhibiting

the range of features described above.
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Figure 1.4: Polymer rheological response will change based on the nature of the poly-
mer probed. (a) A schematic of the typical rheological set-up. (b) The viscoelastic
response of polymers includes a solid-like elastic response and liquid-like viscous re-
sponse. (c) The storage modulus response shows specific transitions as a function of
frequency dependent on the polymer properties. (d) Mechanical properties of multi-
valent polymers can be tuned through the use of metal—ligand coordination

1.5.2 Tuning mechanical response

Multivalent ions are known to impart tailorable mechanical properties for polymer
networks and gels. Specifically, multivalent ions such as Ni**, Cu?**, Zn?* and Fe*" can
be used as dynamic crosslinking agents for self-healing or stimuli-responsive polymer
networks due to their multi-functional interactions with the polymeric host, [68-73]

though the balance between transient cross-linking and ionic conductivity has not been
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exploited (Figure 1.4d).

As will be discussed in detail in Chapter 2, we have shown that ion-conducting
polymer networks form through the interaction of Ni** salts with imidazole ligand co-
ordination sites on a polymer chain.[4] At all studied salt concentrations, a dynamically
crosslinked network was formed, showing the typical rheological signature of a plateau
in the storage modulus, followed by subsequent liquid-like relaxation at lower frequen-
cies. The plateau modulus increases as a function of salt concentration but saturates at
around eight times the original value of 1 MPa upon complete crosslinking of the gel.
During the initial increase in plateau modulus, there is a concomitant improvement
in ionic conductivity due to the higher ion concentration. At Ni** to imidazole ratios
larger than 0.12, however, the ionic conductivity decreases due to dominant effects of
an increasing 7,. The influence of the slower segmental dynamics is apparent when
the temperature at which conductivity is measured is adjusted by the T}, at each salt
concentration; the ionic conductivity then shows a monotonic increase with salt con-
centration. Thus, multivalent metal cations can act as dynamic cross-linking agents
only at low concentrations, before slower segmental motion dominates the behavior
and reduces ionic conductivity. Importantly, this initial study did not probe the extent
to which the Ni?* cation participates in ion conduction. While the labile nature of the
metal—ligand coordination bond allows for cation conduction in such a system, the
strong interaction between the Ni?*" and imidazole likely reduces cation mobility such

that the anion conduction dominates as in most polymer electrolytes.

A follow-up study, which is the focus of Chapter 3, examined how a wider range
of multivalent salts could be used to control polymer mechanical properties.[5] Li*,
Ni?t, Cu?*, Zn?* and Fe?* salts were mixed at a constant ratio of cation to imidazole

of 0.1 into the same polymer matrix as before. The specific coordination chemistry
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of the metal cation with imidazole results in dramatic tunability of the zero-frequency
viscosity of the polymer systems, with over three-orders of magnitude change between
the Li-PIGE polymer and the Ni-PIGE polymer. Interestingly, the ionic conductivity does
not follow a specific trend and is much less sensitive to salt identity than the bulk me-
chanical properties. One likely contribution to this insensitivity is the invariant 7, as a
function of metal cation identity; thus, while bulk viscosity can be altered by switching
metal-ligand coordination strength, the local segmental dynamics remain essentially
invariant, suggesting that ion mobility through the polymer matrix is likely not sig-
nificantly affected. Such behavior has also been observed for covalent crosslinking in
ion-conducting polymers with low crosslinking density and flexible crosslinkers.[74]
Indeed, the PFG NMR diffusion coefficient of the TFSI~ anion in the Li*- and Zn?*-
containing polymers is identical once adjusting for the slight 7, change in the two
polymers. This suggests that ion-ion interactions are minimal, as the identity of the
cation and concentration of the anion do not play a role in the mobility of the anion
species. In this study, PFG NMR suggests that the Zn?* ions are mobile and contribute
similarly to the ionic conductivity in the Zn-PIGE as the Li* ions do in Li-PIGE. These
results motivate future studies to explore the ability of divalent species to both con-
tribute to the ionic conductivity as well as impart beneficial mechanical properties to

polymer electrolytes.

1.6 Polymer platform design and thesis outline

This thesis explores the design of ion conducting polymer electrolytes for both
lithium and multivalent applications. A modular synthetic platform was designed for

easy tunability of the various features hypothesized to impact ionic conductivity per-

22



Introduction Chapter 1

\ L 7 o) P
0
[ T ~ & ¢ 8 o
- Functionalize @
L 4 ~, " - >
th | d
_1_\!‘: y,k /\) with ligan —GQ * T 4 Metal salt
Se-be- Y u &, ? addition
A
Backbone identity ~L Ligand identity

and concentration

P ¢ e
Highly tunable ion (P
conducting polymer = «—— -0 o &
platform (5 @ Q O‘&
Metal concentration + Metal identity

Figure 1.5: A modular synthetic platform based on thiol-ene click chemistry and metal
salt addition was designed for maximum tunability of the factors hypothesized to
control ionic conductivity.
formance and polymer mechanics (Figure 1.5). The polymer matrix is formed by func-
tionalizing a variety of polymer backbone species with a range of ligands at varying

concentrations. The polymer matrix is then mixed with metal salts, where the identity

of the salt as well as the concentration can be altered.

The polymers studied in this work use metal—ligand coordination as the mecha-
nism for salt solvation and ion transport (Figure 1.6). Metal—ligand interactions pro-
vide a nice framework for studying ion-polymer interactions because the interactions
are well-defined, and highly tunable based on the identity of the metal and ligand
species. A wide variety of ligands have been studied for self-healing [75, 76] and bi-
ologic applications [77], providing some pre-existing understanding of the interaction
strengths and timescales. Most importantly, metal—ligand interactions are dynamic,
though the timescale for breaking and re-forming a metal—ligand coordination inter-
action depends again on the metal and ligand species. The dynamic nature of the
interaction enables cation conduction within these polymers, which is important for

energy storage applications.
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Figure 1.6: (a) Metal—ligand coordinating polymers dissolve salts through interac-
tion of ligand species with metal cations. (b) These metal—ligand interactions are
well-defined for most transition metal species. Importantly, these interactions are also
dynamic, enabling cation transport through the polymer matrix.

The following chapters explore the various tunable handles of the synthetic plat-
form shown in Figure 1.5. Chapter 2 identifies the role of Ni** concentration on the
ionic conductivity and polymer mechanical response of an ether-imidazole based poly-
mer. An optimum ion concentration was found to exist for conductivity performance
due to the trade-off between ion mobility and polymer mechanical properties. This
same polymer was studied with a variety of metal cations (Lit, Zn?*, Cu?*, Ni**, and
Fe3") in Chapter 3, revealing that while the polymer mechanics depend highly on
metal identity, the total ionic conductivity does not. The cation transport properties
were also measured using PFG NMR, and it was found that the divalent Zn** ion con-
tributes almost equally to the ionic conductivity as a monovalent Li*. Next, the role of
polymer backbone identity was probed (see Chapter 4) - three backbones with vary-
ing polarity were synthesized and the conductivity and ion structure were compared.

Surprisingly, while the backbone identity did influence the ion aggregation and local
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metal—ligand environment, it did not alter the total conductivity performance. Field-
theoretic simulations reveal that for all backbones, the ion aggregates are likely perco-
lated and therefore the connectivity of the aggregates remains the same throughout the
series. Chapter 5 explores the role of ligand density on the polymer conductivity per-
formance, showing that reducing the imidazole ligand content can provide an order of
magnitude improvement in ionic conduction. Lastly, the role of ligand linker chemistry
was probed (Chapter 6), with the removal of an amide functionality providing a 100-
fold improvement in ionic conductivity and a doubling of the Li*" transference number.
This highlights the importance of chemical design in optimizing polymer electrolyte

performance.

Finally, this thesis provides a study of the overarching factors determining ionic
conductivity performance of polymer electrolytes through a data-mining study which
compiles and analyzes literature data published over the last half-century (Chapter 7).
The visualization results of this study can be accessed and interacted with online (web-
site in progress), and reveal that while individual controlled studies like those described
in the preceeding chapters provide clues into polymer electrolyte performance, the ag-
gregate performance of multiple classes of polymer electrolytes is more variable, and
suffers from inconsistent processing conditions. Nevertheless, the importance of elec-
trolyte 7,, salt concentration, polymer electronegative solvation sites and anion size

are corroborated through the use of statistical learning techniques.

These chapters provide an overview of the relevant fundamental factors controlling
polymer electrolyte performance, and guide future scientists in the design of high-

performance electrolytes.

25



Chapter 2

Ion Transport in Dynamic Polymer
Networks Based on Metal—Ligand
Coordination: Effect of Cross-Linker

Concentration

2.1 Abstract

The development of high-performance ion conducting polymers requires a compre-
hensive multiscale understanding of the connection between ion—polymer associations,
ionic conductivity, and polymer mechanics. We present polymer networks based on

dynamic metal—ligand coordination as model systems to illustrate this relationship.

Reproduced with permission from [4]: G. E. Sanoja,* N. S. Schauser,* J. M. Bartels, C. M. Evans,
M. E. Helgeson, R. Seshadri, and R. A. Segalman. Ion Transport in Dynamic Polymer Networks Based
on Metal-Ligand Coordination: Effect of Cross-Linker Concentration. Macromolecules, 51, 2017 (2018).
DOI: 10.1021/acs.macromol.7b02141 (*equal contribution) Copyright 2018 American Chemical Society.
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The molecular design of these materials allows for precise and independent control
over the nature and concentration of ligand and metal, which are molecular properties
critical for bulk ion conduction and polymer mechanics. The model system investi-
gated, inspired by polymerized ionic liquids, is composed of poly(ethylene oxide) with
tethered imidazole moieties that facilitate dissociation upon incorporation of nickel(II)
bis(trifluoromethylsulfonyl)imide. Nickel—imidazole interactions physically cross-link
the polymer, increase the number of elastically active strands, and dramatically en-
hance the modulus. In addition, a maximum in ionic conductivity is observed due to
the competing effects of increasing ion concentration and decreasing ion mobility upon
network formation. The simultaneous enhancement of conducting and mechanical
properties within a specific concentration regime demonstrates a promising pathway

for the development of mechanically robust ion conducting polymers.

2.2 Introduction

Polymer networks with dynamic junctions are an important class of materials based
on noncovalent interactions such as hydrogen bonds,[78, 79] electrostatic forces,[80,
81] metal—ligand coordination,[82, 83] host—guest complexation,[84, 85] van der
Waals forces,[86] and protein associations.[87] In contrast to their permanently cross-
linked counterparts, dynamic polymer networks have physical associations with rel-
atively weak binding energies (i.e., &~ kpT) so that thermal fluctuations or exter-
nal stimuli enable breakage and re-formation on time scales suitable for engineering
materials.[64, 88] Dynamic polymer networks find numerous applications in energy
conversion and storage,[89] thermoplastics,[90] and medicine[91] due to the tough-

ness provided by the energy-dissipating physical associations.[92-94] Given that the
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lability of physical associations is intimately coupled to the time-dependent bulk prop-
erties of dynamic polymer networks, it is essential to understand their role in polymer
relaxation mechanisms on time scales relevant to the design of high-performance func-

tional materials.

Dynamic polymer networks exhibit distinct viscoelastic behavior compared to poly-
mer melts.[63, 64, 67] Under deformation these materials behave as elastic rubbers at
times shorter than the lifetime of a physical cross-link, but exhibit liquid flow on longer
time scales because of microscopic polymer chain diffusion enabled by the breakage of
a few cross-links. The resulting linear viscoelastic response is characterized by longer
terminal relaxation times and an increase in plateau modulus relative to polymer melts.
Pioneering work on model poly(4-vinylpyridine) cross-linked with N,C,N-pincer Pd(II)
and Pt(II) complexes demonstrates that the low strain, frequency-dependent dynamic
moduli are dictated by the dissociation rate of physical associations as determined by
NMR spectroscopy in dilute solution.[83, 95] This and complementary investigations
on hydrogels with coiled-coils,[96] bis(histidine)—Ni?*,[68, 71] and hydrazone[97]
cross-links support the argument that the exchange rate of physical associations gov-
erns the relaxation dynamics of these materials as long as the time scale of exchange
is faster than that of other competing processes (e.g., polymer diffusion). Nonethe-
less, elucidating the quantitative interconnection between the lifetime of the physical
associations and the bulk viscoelastic properties of polymer networks still remains a
challenge.[98] The lack of accurate quantitative prediction partially results from the
approximation of the exchange rate of physical associations to the dissociation rate
of small molecule complexes in dilute solution—a gross oversimplification that neglects
important energetic and kinetic effects resulting from solvation, chain connectivity, and

cooperativity. Groundbreaking investigations on model poly-(N,N-dimethylacrylamide)
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functionalized with histidine and cross-linked with Ni** illustrate differences in the
rates of dissociation and exchange of physical associations in polymer networks.[70]
This motivates inspection not only of other time-dependent properties known to be
coupled to polymer dynamics (e.g., ionic conductivity) but also of the cooperative and

synergistic effects that arise on dynamic responses upon changes in network structure.

+

et

Figure 2.1: Salt solvation and metal—ligand coordination are coupled due to chemical
equilibrium. Based on Le Chatelier’s principle, metal—ligand coordination also pro-
motes salt dissociation. This not only translates into a higher concentration of ions,
but also on the formation of dynamic crosslinks with important consequences on poly-
mer mechanics. The model system investigated is based on polymers with tethered
imidazole ligands, nickel (II) cations (Ni?T), and bis(trifluoromethylsulfonyl)imide
anions (TFSI™). The number of imidazole moieties coordinating the Ni’* is defined
as the coordination number (z). The geometries (z = 1 to 4) are only depicted for
illustrative purposes. Figure prepared by Gabriel Sanoja.

Ion transport in polymers is influenced by ion—polymer associations (i.e., solvation)
that reversibly break and form on time scales coupling conduction to polymer seg-
mental dynamics. This results from excluded volume interactions requiring polymer

segments to accommodate space upon ion motion.[99] The coupling between poly-
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mer dynamics and ion transport is an essential feature which distinguishes ion con-
ducting polymers from dilute liquid electrolytes. Because of the nucleophilic nature
of conventional polymer electrolytes such as poly(ethylene oxide), long-range cation
transport must involve dissociative steps that facilitate hoping between neighboring
solvating sites, as polymer segmental motion arising from local reorientation enables
only short-range motion within limited regions of space. Thus, only cations that form
labile bonds with a polymer can have significant contributions to the ionic conductivity.
The mechanism of ion conduction for anions is fundamentally different, as these do not
form strong bonds with polymers so their motion depends primarily on local dynam-
ics such as in concentrated liquid electrolytes[33] or multicomponent inert gases.[100]
Dynamic polymer networks based on kinetically labile metal—ligand coordination serve
as model systems to develop a multiscale picture between ion—polymer associations,
ionic conductivity, and polymer mechanics. The nature and concentration of ligand
and metal can be tuned in these materials to enable not only spanning a range of phys-
ical association energies, but also controlling the concentration of both elastically active
strands and ions known to be critical in the bulk mechanical and conducting properties.
In particular, polymers based on imidazole and histidine ligands are interesting due to a
preexisting understanding of the reactivity[101] and interactions with transition metal
ions in chemical and biological systems.[102] Investigations of these materials have pri-
marily focused on quaternized imidazolium[103-109] and histammonium[110-112]
ions (i.e., polymerized ionic liquids), yet imidazole and histidine moieties are capa-
ble of interacting with alkali, alkaline earth, and transition metal ions, thus promoting
salt dissociation and influencing the ion conducting and mechanical properties (Figure
2.1). From a materials chemistry standpoint, these materials constitute macromolec-
ular analogues of chelating ionic liquids, a set of concentrated electrolytes known to

solubilize ions such as Zn** due to metal—ligand coordination.[113]
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We present here an investigation of the ion conducting and mechanical properties
of dynamic polymer networks based on metal—ligand coordination. A combination of
ring-opening anionic copolymerization, thiol-ene click chemistry, and ligand chemistry
is used to rationally design materials for elucidation of structure—property relation-
ships. In particular, we focus on the effect of concentration of nickel(II) bis(trifluoromethyl-
sulfonyl)imide salt on the ion conducting and mechanical properties of a poly(ethylene
oxide) with tethered imidazole ligands. Upon physically cross-linking with Ni**, dy-
namic polymer networks exhibit an increase in elastic modulus of an order of magni-
tude, and a maximum in ionic conductivity presumably due to the trade-off between
ion concentration and ion mobility. The demonstrated relationship between mechanics,
ion conduction, and metal—ligand coordination illustrates design rules for the develop-
ment of novel ion conducting polymers. As opposed to composites based on structural
insulating agents (e.g., polymer nanocomposites or block copolymers),[114, 115] in-
corporation of transition metal ions into polymers with tethered ligand moieties allows

for bulk mechanical reinforcement with beneficial effects on ion transport.

2.3 Experimental section

Materials. All materials were used as received from Sigma-Aldrich unless otherwise
noted. CDCl; and methanol-d4 were purchased from Cambridge Isotope Laboratories;
acetonitrile, hexanes, methanol, and isopropyl alcohol from BDH Chemicals; allyl gly-
cidyl ether (AGE) from TCI America; and anhydrous nickel(II) bis(trifluoromethylsulfonyl-
imide) from Alfa Aesar. Tetrahydrofuran (THF) was collected from a commercial J.C.
Meyer dry solvent system and used immediately thereafter. AGE was dried over butyl-

magnesium chloride, degassed through three freeze—pump—thaw cycles, and further
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distilled to a flame-dried receiving flask. Ethylene oxide (EO) was degassed through
three freeze—pump—thaw cycles and further distilled to a flame-dried buret immersed
in an ice bath until use. Potassium naphthalenide was prepared from potassium and

naphthalene in THF (0.3 M) and stirred with a glass-coated stir bar for 24 h before use.

Synthesis of N-(2-(1H-Imidazol-1-yl) propyl)-4-mercaptobutanamide (Im-SH). The syn-
thesis of Im-SH was adapted from Lundberg et al.[116] In a 250 mL round-bottom flask
equipped with a Teflon-coated stir bar and a condenser, 1-(3-aminopropyl)imidazole
(10.0 g, 79.9 mmol), y-thiobutyrolactone (8.2 g, 80.2 mmol), and acetonitrile (135 mL)
were added. The reaction was heated to 95°C and allowed to proceed for 12h. The
reaction was cooled to room temperature, and the resulting pale yellow liquid isolated

by evaporation in vacuo.

Synthesis of Poly[(ethylene oxide)-stat-(allyl glycidyl ether)] (PEO-stat-PAGE). The
copolymerization of EO and AGE was adapted from Lee et al.[117] Separate burets
containing THF and EO were connected to a thick-walled glass reactor fitted with Ace
threads. The EO was connected by flexible stainless steel belows so that the buret
could be immersed in an ice bath until use. The reactor assembly was flame-dried and
then cycled between vacuum and positive argon pressure (5 psig) three times. The
reactor was finally charged with an argon atmosphere and isolated from the Schlenk
line. THF was added, and the temperature equilibrated at 0 °C. Based on the amount
of purified EO (22.77 g, 517 mmol), a quantity of benzyl alcohol (166 uL, 1.60 mmol)
was added through a gastight syringe. Potassium naphthalenide (0.3 M in THF) was
added through a gastight syringe to titrate the benzyl alcohol until a pale green end
point. EO was added by lifting the cold buret and allowing monomer to drain in the
reactor while AGE (15 mlL, 127 mmol) was simultaneously added via gastight syringe.

The temperature was increased to 40 °C, and the polymerization allowed to proceed
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for 24h. After complete conversion of EO and AGE, degassed and acidified isopropyl
alcohol was added to terminate the polymerization. The resulting PEO-stat-PAGE was
precipitated into an excess of hexanes and dried for 48h at 55°C in vacuo. PEO-
stat-PAGE was immediately transferred to a glovebox and stored in an inert nitrogen

atmosphere to mitigate moisture uptake.

Synthesis of Imidazole Functionalized Copolymer (PEO-stat-PIGE). In a 250 mL round-
bottom flask equipped with a Teflon-coated stir bar, PEO-stat-PAGE (3.00 g, 8.94 mmol
of allyl groups), Im-SH (5.08¢g, 22.35mmol), 2,2-dimethoxy-2-phenylacetophenone
(DMPA, 0.46g, 1.79 mmol), and methanol (90 mL) were added. The solution was
degassed sparging with nitrogen for 30 min and then allowed to react for 2h under
UV irradiation (A =365nm). The resulting PEO-stat- PIGE was concentrated by ro-
tary evaporation, purified by dialysis in methanol (4 times 4L), and dried for 48h at
55°C in vacuo to yield a pale yellow viscoelastic liquid. PEO-stat-PIGE was immedi-
ately transferred to a glovebox and stored in an inert nitrogen atmosphere to mitigate

moisture uptake.

Synthesis of Polymers Based on Imidazole—Nickel Coordination (PIGE-Ni**). In an in-
ert atmosphere, stock solutions in anhydrous methanol of polymer (126 uL, 39.6 wt%,
88 umol of imidazole) and nickel(II) bis(trifluoromethylsulfonyl)imide were mixed in
5 mL vials to yield materials with an appropriate molar ratio of nickel(II) to imidazole
(i.e., r = [Ni*T]:[Im]). The resulting ion conducting dynamic polymer networks were

stored in the glovebox to mitigate moisture uptake.

Molecular Characterization. Gel permeation chromatography (GPC) was per-
formed on a Waters instrument using a refractive index detector and Agilent PL gel
5 pm MiniMIX-D column. THF at 35 °C was used as the mobile phase with a flow rate of

1.0mLmin~!. The polydispersity index (P) was determined against PEO narrow stan-
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dards (Agilent). 'H NMR spectra were collected on a Bruker Avance DMX 500 MHz.
The molecular weight of the precursor PEO-stat-PAGE was determined using 'H NMR
end-group analysis. This spectrum is collected in CDCl; at a polymer concentration of

60 mg mL~! with 128 scans and a pulse delay time of 5s.

General Protocol for PIGE-Ni** Sample Preparation. All Polymer Samples Were
Kept Rigorously Dry Throughout the Described Experiments. Polymer samples were pre-
pared in an inert nitrogen atmosphere by casting solutions of PIGE-Ni** into standard
substrates (e.g., aluminum pans, Teflon, and indium tin oxide) and drying in vacuo at
55 °C sequentially for 8 h in the glovebox (102 Torr) and 1h in a high-vacuum oven
(1078 Torr). Traces of water and methanol in a representative PIGE-Ni** sample were

below detection limits of both Karl Fischer titration and solid-state 'H NMR.

Thermal Characterization. Polymer samples were cast as described above into
standard aluminum pans. The samples were sealed and characterized with a PerkinElmer
DSC 8000 to measure the glass transition temperature (7}) on second heating at 20 °C min™*

using the onset method.

Mechanical Characterization. The rheology of the samples was characterized us-
ing 8 mm stainless steel parallel plates in a TA Instruments ARG2 rheometer operating
under dry nitrogen flow. Sample thicknesses were approximately 200 yum. Dynamic
frequency sweeps were performed over a range of temperature, frequency, and strain
amplitude respectively of 5°C to 70°C, 0.1rads ! to 100rads™?!, and 0.1% to 10%.
Strain sweeps at 10rad s~! confirmed that measurements were performed in the linear
viscoelastic regime. The reference temperature (7,.r) used for time—temperature su-
perposition was either 30 °C or T}, and master curves were generated using horizontal
shift factors. The elastic modulus was defined as GG’ at the frequency at which G” ex-

hibits a local minimum (i.e., local maximum in tan(J)). The terminal relaxation time
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was determined at the frequency at which the power-law fit of the complex viscosity

intersects the zero-shear viscosity.

Electrochemical Impedance Spectroscopy. Polymer samples were prepared as de-
scribed above by casting into 1/4in. clean circular indium tin oxide (ITO) substrates
top-coated with a 150 ym Kapton spacer. The samples were sealed with clean ITO
substrates and characterized with a Biologic SP-200 potentiostat. Transparent ITO/-
glass electrodes were used to ensure the absence of bubbles and proper interfacial
contact during in situ conductivity measurements. A sinusoidal voltage with amplitude
100 mV was applied in the frequency range of 1Hz to 1 MHz. Ionic conductivity, in
the absence of concentration gradients, was determined from the real component of
the complex conductivity at the peak frequency in tan(d) arising from the conversion
of complex impedance into dielectric storage and loss.[118] This method is equivalent
to determining the ionic conductivity from the impedance at the abscissa intercept of
a Nyquist plot. Note that the materials presented herein contain two types of mobile
ions: bis(trifluoromethylsulfonyl)imide anions (i.e., TFSI~) and Ni** cations, and the
contributions to the current (i.e., transference number) from each of them will depend

on the operating conditions of the electrochemical device.[33, 57]

2.4 Results and Discussion

2.4.1 Molecular Design

Ion transport in dynamic polymer networks based on metal—ligand coordination is
anticipated to be intimately coupled to salt dissociation, ion—polymer associations, and

polymer segmental dynamics (Figure 2.1). The incorporation of ligands in a polymer of
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low dielectric constant promotes salt dissociation to enhance both the ionic conductiv-
ity and elastic modulus via formation of labile bonds that serve as dynamic cross-links.
The relatively weak binding energies of these cross-links enable breakage and forma-
tion on time scales that not only hinder polymer diffusion but also affect ion transport.
Although the bulk mechanical and ion conducting properties are influenced by the life-
time of metal—ligand bonds, the underlying molecular mechanisms associated with
polymer diffusion and ion transport are different. The former requires the successive
breaking of various cross-links to allow a polymer chain to diffuse,[63, 64, 67] whereas
the latter appears to be a more convoluted effect between ion concentration, mobility,

and solvation.[99]

To elucidate the relationship between ion conduction, mechanics, and metal—ligand
coordination, we engineered a polymer with ligand moieties covalently bonded to the
backbone and capable of facilitating salt dissociation by forming dynamic cross-links.
The molecular properties that we sought to control are the nature and concentration
of ligand and metal, as these dictate the lability and lifetime of the cross-links. This
was achieved on a mixture of poly(ethylene oxide) with tethered imidazole moieties
and nickel(II) bis(trifluoromethylsulfonyl)imide salt. The complexation between Ni?*
and imidazole is anticipated to be the primary interaction dictating the mechanical
and ion conducting properties, since the formation of Ni?*—imidazole complexes is
thermodynamically favored relative to Ni** —crown ethers.[102, 119] The weak elec-
trostatic interactions resulting from large and charge-delocalized ions resemble that of
chelating ionic liquids, yielding “plasticized” and amorphous polymers which even at
high concentrations exhibit low glass transition temperatures (i.e., 7). These materials
constitute the metal—ligand analogues of proton and hydroxide conducting polymers

involving Brgnsted acid-base pairs and are suitable to elucidate structure—property re-
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Figure 2.2: Molecular design strategy allows for fine and independent control over
the properties expected to have an important effect on metal—ligand coordination,
ion conduction, and polymer mechanics: ligand and metal concentration, and iden-
tity. This is respectively achieved by levering the relative amounts of co-monomers in
anionic polymerization, the ratio of metal to ligand, the cation in the TFSI~ salt, and
the nucleophilicity of the aromatic ring of the thiol undergoing click chemistry. Figure
prepared by Gabriel Sanoja.
lationships at high ion concentrations due to the thermal processability enabled by a

subambient 7},.

The synthesis of ion conducting dynamic polymer networks is based on a combina-
tion of ionic copolymerization, click chemistry, and metal—ligand interactions (Figure
2.2). First, the imidazole-functionalized copolymer (i.e., PEO-stat-PIGE) was synthe-
sized using epoxide ring-opening anionic copolymerization of ethylene oxide (EO) and
allyl glycidyl ether (AGE), followed by UV activated thiol-ene click chemistry of N-
(2-(1H-imidazol-4-yl)propyl)-4-mercaptobutanamide. PIGE was chosen because the
nitrogen atom located in the aromatic ring can coordinate metal ions to facilitate salt

dissociation and create dynamic cross-links. Next, the resulting PEO-stat-PIGE was
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Polymer® NYy Niqg n?Vi(TFSI)g r=[Ni*"1:Im]® wt%pirrsn, Ty (CC)
PIGE-Ni** 0.0 323 79 - - - —-33
PIGE-Ni** 3.7 323 79 2.9 0.037 4.2 —-31
PIGE-Ni?** 12.1 323 79 9.6 0.121 12.6 —29
PIGE-Ni** 14.9 323 79 11.8 0.149 15.1 —23
PIGE-Ni** 16.0 323 79 12.6 0.160 15.9 —-12
PIGE-Ni** 19.5 323 79 15.4 0.195 18.8 -2

Table 2.1: Properties of ion conducting dynamic polymer networks based on

metal—ligand coordination. “Polymers are labeled PIGE-Ni>* X.X, where X.X is the

mol% of Ni?T relative to the imidazole ligands. ®‘Degree of polymerization of EO

and IGE in the statistical copolymer determined via 'H NMR end-group analysis.

dDetermined via elemental analysis (see Appendix, Table 2.2). “Determined from

the molar ratio of Ni>* to imidazole ligands. This ion concentration nomenclature is

analogous to that previously reported for Lit-conducting PEO.[11] /Determined via

DSC using the onset method.
mixed with Ni(TFSI), to generate ion conducting PIGE-Ni*". Fine and independent
control over the ligand and metal nature and concentration can be achieved by replac-
ing the aromatic ring in the thiol or the metal ion and levering the relative amounts of
EO and AGE and Ni?** and IGE. Here, a series of PIGE-Ni** with variable molar ratio
of Ni?* to IGE (i.e., » = [Ni?**]:[IGE] = [Ni**]:[Im]) were investigated. Well-defined
and narrowly dispersed PEO-stat-PIGE (M,, = 40kDa, P < 1.2) with a constant mole
fraction of imidazole moieties (x;qr = 0.17) was synthesized, as determined using a
combination of GPC and 'H NMR. DSC traces demonstrate the amorphous nature of
the statistical copolymers, a result consistent with the suppression of PEO crystalliza-

tion in an atactic backbone. The molecular properties and thermal transitions of the

various PIGE-Ni%*t are summarized in Table 2.1.

2.4.2 Linear Viscoelastic Response

Metal—ligand coordination bonds between Ni** and imidazole cross-link the PIGE-

Ni?* and induce a dramatic change in the bulk mechanical properties. The linear vis-
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Figure 2.3: Viscoelastic response of dynamic polymer networks (7;..; = 30 °C) arises

due to metal—ligand coordination between imidazole moieties tethered to the poly-

mer backbone and Ni?* cations resulting from salt dissociation. Rheology data col-

lected on PIGE-N??+ under dry N, flow.
coelastic response of these materials is characteristic of associated polymers, with a
significant increase in the terminal relaxation time (i.e., slower diffusion) and an en-
hancement in the plateau modulus relative to equivalent polymers without associating
groups (Figure 2.3).[63, 64, 67] Associative polymers exhibit signature features in
their dynamic mechanical moduli, including a plateau modulus at high frequencies, a
crossover of the storage (G’) and loss (G””) moduli, and terminal relaxation with scaling
of G’ ~ w? and G” ~ w. Deviations from this liquid-like scaling observed in PIGE-Ni**
(G' ~ W and G"” ~ w"7) are attributed to a restricted experimentally accessible
low frequency window and hindered polymer diffusion (i.e., sticky reptation). This
terminal behavior is analogous to that of hydrogels based on histidine-functionalized
poly(N,N-dimethylacrylamide) cross-linked with Ni** [120] and ionomers based on

polyethers and sulfonated phthalates with sodium counterions.[65] The contributions

of entanglements to the linear viscoelastic response are neglected due to the absence
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of a rubbery plateau in neat PIGE. This assertion is further supported by the rheol-
ogy master curves generated using 7, as the reference temperature (Appendix, Fig-
ure 2.8) where the mechanical spectra of the polymer melt and associated polymer
networks with different r values fail to collapse — an observation consistent with dif-
ferences in polymer topology and relaxation mechanisms governing the viscoelastic
response. At high frequencies the network plateau modulus increases approximately
8-fold from 1.06 MPa to 7.93 MPa for r-concentrations respectively of 0.037 and 0.195
(Figure 2.4b). Moreover, the G’ — G” crossover frequency w,. decreases with increasing
cross-linker concentration. For example, at 30°C, w, is observed at 21.17rads™! for

PIGE-Ni?* with » = 0.037 and decreases to 0.19rad s~! for » = 0.257.

The effect of Ni>* on the elastic modulus can be explained by changes in polymer
topology as a function of ion concentration. In particular, upon increasing the concen-
tration of Ni** more metal—ligand complexes are formed which initially cross-link PIGE
chains while inducing formation of independent network clusters. At a certain critical
value of r known as the sol—gel transition (i.e., r.), a space-spanning percolated net-
work is formed that rapidly becomes more cross-linked with incorporation of additional
Ni?*. Here we approximate r. to be that above which the linear viscoelastic response
clearly resembles that of an associating polymer: r. > 0.121. Comparisons of r. with
predictions from percolation theory are strictly not possible because the sol—gel transi-
tion is not defined for polymer networks with liquid-like terminal relaxation. Nonethe-
less, assuming PIGE-Ni** is a chemical network yields r. = 0.013 (see Appendix). This
combination of percolation theory and rheology serves to identify a clear criteria for
network formation and is inspired by previous investigations on poly(4-vinylpyridine)

cross-linked with N,C,N-pincer Pd(II) complexes.[121]

Enhancements in the elastic modulus above r. are attributed to an increase in the
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Figure 2.4: Mechanical properties depend strongly on the molar ratio of Ni** to
imidazole ligands (r) (a) At the percolation threshold (i.e., r. ~ 0.121) the ma-
jority crosslink species is ImgNi?t with an average functionality of six. (b) The
Im,,Ni?*crosslinks reinforce the material as revealed by an 8-fold increase in the
plateau modulus G.. Interestingly, the molar fraction of Im,Ni>* species that con-
tribute to the formation of elastically active strands, z., (—) and G. plateau at ap-
proximately the same r ~ 0.16. This suggests that changes in coordination geometry
have a negligible impact in the number of elastically active strands and in the poly-
mer stiffness. (c¢) The terminal relaxation time, 7, increases due to larger friction
resulting from ion—-polymer interactions between the uncoordinated Ni** cation (—),
poly(ethylene oxide) backbone, and imidazole moieties. The scaling experimentally
obtained from a least-squares regression power-law fitis 7 ~ %4, Analysis performed
by Gabriel Sanoja.
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number of elastically active strands upon addition of Ni?**. Computation of the molar
fraction of the various imidazole—Ni*" complexes in chemical equilibrium together
with qualitative predictions from sticky-reptation theory support this assertion. Within
this framework, only entropy contributes to the free energy, analogous to an ideal gas,
and each elastically active strand provides an equal amount of stored energy (i.e., kg7
to the modulus. Consequently, estimates of the fraction of imidazole—Ni?* complexes
that yield elastically active strands provide quantitative insights into the concentration
dependence of the modulus. We consider the following chemical equilibria for various

Im_Ni?* complexes with z tethered imidazoles coordinating Ni**:
. Ky .

Ni** + Im < ImN**

ImNi®* + Im <2 Imy N2+

Imo N2+ + Im & ImyNi®*

ImsNi®* + Im <= Im,Ni**

ImyNi2* + Im & ImsNi®*

ImsNi®* + Im <% ImgNi%*
and the corresponding material and charge balances:

[Im]o = [Im] + [ImNi**] + 2[ImaNi**| + 3[Ims Ni**| + 4[ImyNi**| + 5[Ims Ni*t]| +
6[Im6Ni2+]

[Ni*T]o = [Ni*T] + [ImN*T] + [ImaNi*T| + [ImagNi*T| + [ImyNi*T) + [Ims Ni*T] +
[[m6Ni2+]

2[TF817]0 = [N’i2+]0

For the purposes of this calculation, the equilibrium constants are assumed to be

that of small molecule imidazole—Ni** complexes in aqueous solution of potassium
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nitrate:[102] K, = 103B M1, K, = 102" M}, K3 = 1020'M~!, K, = 10" ML,
K5 =10"°M™!, and K¢ = 105! M~!. Evidently, this simplification neglects differences
in physical and chemical environments between aqueous electrolytes and poly(ethylene
oxide), yet the resulting equilibrium concentration trends are insensitive to the values
of K, aslong as K| > Ky > K3 > K, > K5 > K > [Im],". The calculated equilib-
rium mole fractions (Figure 2.4a) reveal critical features about metal—ligand coordina-
tion that influence the bulk mechanical properties such as (a) the average functionality
of the cross-links at the percolation threshold is six, (b) there is a plateau in the con-
centration of imidazole—Ni** species (i.e., z. = Y. nIm,Ni*") that contributes to
the formation of elastically active strands at » =~ 0.16 (Figure 2.4b), and (c) at high
Ni(TFSI), concentrations there are uncoordinated Ni?* ions ([Ni?**]) (Figure 2.4c). An
important underlying assumption behind these assertions is that intramolecular com-
plexation reactions that yield network defects are negligible, an oversimplification that
is rigorously not valid. However, this type of chemical equilibria analysis serves to
simply illustrate changes in the distribution of metal—ligand complexes that govern
the bulk properties of dynamic polymer networks. Note that although increasing the
Ni?* content in the polymer above r ~ 0.16 renders a change in coordination geom-
etry, the modulus remains approximately constant due to inconsequential changes in
the number of elastically active strands. Consequently, the initial order of magnitude
enhancement in modulus upon cross-linking PIGE with Ni** plateaus upon saturation
of imidazole, an observation that demonstrates mechanical stiffening of ion containing

polymers via metal—ligand coordination.

Ni** ions that are not instantaneously coordinated by imidazole ligands or asso-
ciated with TFSI~ are solvated by the poly(ethylene oxide) backbone and can play a

critical role in preventing bulk polymer flow. Incorporation of solvated Ni** in the PIGE
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increases the friction force due to ion—polymer interactions and the terminal relaxation
time (Figure 2.4). This effect is inverse to that previously reported on analogous acry-
late copolymers cross-linked with Zn?*, Cu?*, or Co?" where control of the mechan-
ical properties is attained via incorporation of unbound free imidazole ligands.[69]
Given that the probability of simultaneous dissociation of all imidazole—Ni** bonds
on a polymer chain is negligible, the terminal relaxation signature for PIGE-Ni** net-
works presumably results from the partial and sequential release of the physical as-
sociations. PIGE-Ni’** networks with a sufficient ion concentration (i.e., » > 0.121)

exhibit a terminal relaxation time with a scaling 7 ~ r!%4

experimentally obtained
from a least-squares regression power-law fit. Attempts to compare this observation
with theory are not straightforward due to the unknown number of physical associa-
tions in polymers based on metal—ligand coordination. This difficulty arises from the
microstructure of materials with both ionic groups that can associate into clusters of
various sizes and shapes[122] and metal—ligand complexes that can adopt a range of
geometries with distinct lifetimes.[123] From a theoretical standpoint there are also
important limitations, such as the inability to account for stress relaxation mechanisms
beyond the formation and breakage of physical associations (e.g., solvation, fluctua-
tions in tube length, and constraint release) in the calculation of the linear viscoelastic
response.[66] Nonetheless, the reported increase in terminal relaxation time demon-

strates control over the mechanical properties of polymer networks via incorporation

of a transition metal ion cross-linker.

Overall, the network elasticity and terminal relaxation time are affected by the
cross-linker concentration. While the former primarily depends on the instantaneous
number density of elastically active strands, the latter results from polymer self-diffusion

through a sequence of association and dissociation steps between the ions and the poly-
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mer backbone. Polymer self-diffusion is hindered by a combination of solvation and
metal—ligand interactions that create a friction force on the polymer chain and increase
the terminal relaxation time. Nonetheless, the fast dynamics of solvating interactions
prevent the formation of long-term associations capable of contributing to the network
elasticity. Thus, polymer stiffness is solely dictated by metal—ligand coordination. This
physical picture is qualitatively consistent with sticky-reptation dynamics of associating

polymer networks.

2.4.3 Linear Dielectric Response

The incorporation of Ni>* and TFSI~ ions in PIGE generates a change in the bulk ion
conducting properties. The linear dielectric response of these materials is characteris-
tic of ion conducting polymers with a notable enhancement in the ionic conductivity
relative to equivalent polymers without ions (Figure 2.5). The frequency-dependent
conductivity exhibits a plateau ionic conductivity at high frequencies (o,.), a crossover
in the real (¢’) and imaginary (¢”) conductivity, and terminal relaxation associated
with electrode polarization. Note that an important fraction of the electric dipoles are
directly associated with the incorporated Ni** and TFSI~ ions, but some result from
either impurities or uneven electron density distributions in covalent bonds between
carbon and heteroatoms. Thus, the presence of a o,. in neat PIGE is attributed to ionic
impurities residual from the polymer synthesis (e.g., potassium naphthalenide). The
effect on (04 upon incorporation of Ni(TFSI), demonstrates that mechanical reinforce-
ment of polymers via metal—ligand coordination also has important consequences on

functional material properties such as the ionic conductivity.

The maximum in ionic conductivity as a function of salt content reveals the trade-

off between increasing ion concentration and decreasing ion mobility (Figure 2.6a).
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Figure 2.5: Dielectric response of dynamic polymer networks changes upon incor-

poration of Ni(TFSI); due to salt dissociation. Real (¢’) and imaginary (¢”) part of

the complex conductivity as a function of frequency. The inset shows a schematic of

the in situ conductivity measurement cell comprised of the polymer in between two

ITO/glass transparent electrodes, separated by a Kapton spacer.
Upon incorporation of Ni(TFSI),, there is an enhancement in salt dissociation and an
increase in the concentration of ions due to Le Chatelier’s principle of chemical equilib-
rium. However, the formation of metal—ligand complexes also imposes restrictions on
polymer segmental dynamics as measured by an increase in 7, (Table 2.1) — a change
detrimental for the ion mobility because polymers need to accommodate space upon
ion motion. Thus, upon normalization by 7, (i.e., evaluating the ionic conductivity
at a fixed difference between temperature and the calorimetric 7}) there is a mono-
tonic increase in the ionic conductivity with ion concentration (Figure 2.6b). This
observation is consistent with that reported for chemically cross-linked ion-conducting
networks generated from copolymerization of ionic liquid monomers with varying con-
tents of multifunctional cross-linkers[124] and polymer electrolytes based on PEO and

LiTFSI.[11] Although the complexation of Ni** by imidazole moieties couples ion trans-

port to the polymer segmental dynamics, this does not translate into a single TFSI~

46



lon Transport in Dynamic Polymer Networks Based on Metal—Ligand Coordination: Effect of
Cross-Linker Concentration Chapter 2

conductor, such as polymerized ionic liquids based on imidazolium,[103-109] as the
kinetically labile nature of metal—ligand coordination bonds allows for bond breakage
and formation on time scales that could facilitate long-range Ni?>* transport as long
as the operating temperature is above 7,. A more quantitative relationship between
ion content and mobility is currently under investigation and outside the scope of this
work. Nonetheless, the presented results demonstrate a competition between ion con-

centration and bulk (i.e., continuum) ion mobility.

The change in polymer segmental dynamics due to formation of dynamic cross-links
has an influential but not determinant effect on the ionic conductivity. The different
temperature dependence of the bulk ionic conductivity and fluidity (i.e., inverse of the
zero-shear viscosity) for the series of PIGE+Ni?* indicates a partial disconnect between
ion and polymer segmental motion, as completely coupled dynamic properties are gov-
erned by the same shift factors and exhibit microscopic relaxation times with identical
temperature dependences. Upon Williams-Landel-Ferry normalization (7,.; = 30°C),
the C) parameter is 30%—70% lower for bulk ion conduction than for polymer flow
(Figure 2.7), with a statistically significant maximum at a r-concentration of 0.121.
Assuming that the primary impediment to molecular motion is entropic in nature (i.e.,
there is space available to move) rather than energetic (i.e., there is thermal energy to
overcome an activation barrier), this observation suggests (i) that the fractional free
volume available for motion is 30%—40% larger for ions than for polymers and (ii) the
maximum in ionic conductivity corresponds to the salt concentration at which there
is a larger difference in fractional free volume for ion conduction and polymer flow.
Although there is disagreement as to which of several different data analyses gives the
best value for the free volume, the aforementioned observation qualitatively suggests

that ion transport and polymer self-diffusion are molecularly governed by processes

47



lon Transport in Dynamic Polymer Networks Based on Metal—Ligand Coordination: Effect of

Cross-Linker Concentration

Chapter 2

Gy (US Cm41)

O go (US cm )

35F T T

——— —
(a) T=90°c %
30 —
25 " + .
20+ -
]
10 .
5_ -
]
OLr..‘.\.‘..[.‘..l..,r
0 0.05 0.1 0.15 0.2
r
I I B T T
[ (b) T-T,=90°C 1
15-_ % _
101 * .
; [
5-_ | __
_- I IS ST IS SRS S RS T Ii
0 0.05 0.1 0.15 0.2

r

Figure 2.6: (a) Ion conducting dynamic polymer networks based on metal—ligand
coordination exhibit a maximum in ionic conductivity due to a competition between
ion concentration and ion mobility. The ionic conductivity as a function of Ni?* con-
centration. Data collected at 90 °C. (b) Monotonic increase in the ionic conductivity
due to normalization by the glass transition temperature (I' — T, = 90°C). Error
bars represent 95% confidence intervals and when not depicted are smaller than the

symbol.
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with distinct relaxation times. The rigorous assessment of the extent of coupling be-
tween ion transport and polymer segmental dynamics requires evaluation of the ratio
between the relaxation times,[125] yet the high frequency upturn in the real part of the
conductivity is experimentally inaccessible (Figure 2.5). Further work is necessary not
only to quantify the extent of coupling between ion and structural dynamics, but also
to elucidate the molecular mechanisms of ion transport (i.e., hopping and molecular
diffusion) that contribute to the conductivity and account for the observed differences
in fractional free volume. Nonetheless, the illustrated discrepancy in the temperature
dependence of the shift factors combined with a monotonic increase in the ionic con-
ductivity upon normalization by 7, (Figure 2.6b) reasserts the trade-off between ion
concentration and ion mobility which is critical to understand the relationship between

metal—ligand coordination and bulk material properties.
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Figure 2.7: The temperature dependence of the shift factors for the ionic conductiv-
ity and fluidity of a representative dynamic polymer network based on metal—ligand
coordination (r = 0.121) demonstrates incomplete coupling between ion and poly-
mer segmental motion. The C; parameters obtained from a least-squares regression
Williams-Landel-Ferry fit for the shift factors of the ionic conductivity and fluidity are
respectively 5.81+1.15 and 19.53 +3.33. The reference temperature was 30 °C.
Figure prepared by Gabriel Sanoja.
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2.5 Conclusions

The incorporation of transition metal ions into polymers with tethered ligand moi-
eties constitutes a design strategy for mechanically reinforcing polymers with beneficial
effects for ion transport, as opposed to the detriments arising from structural but insu-
lating domains intrinsic to polymer nanocomposites[115] or block copolymers.[114]
The presented molecular design for ion conducting dynamic polymer networks allows
for independent control over the nature and concentration of metal and ligand and thus
can be exploited to elucidate the interconnection between metal—ligand coordination,
mechanics, and ion conduction. The formation of dynamic cross-links upon incorpo-
ration of transition metal ions in polymers with tethered ligand moieties increases the
number of elastically active strands and enhances the plateau modulus by an order
of magnitude. However, the associated restrictions in polymer segmental dynamics
and ion mobility are detrimental for ion transport and yield a maximum in ionic con-
ductivity. The different temperature dependence of the fluidity and ionic conductivity
suggests that more fractional free volume is required for ion conduction than for poly-
mer diffusion, yet further work is necessary to unravel the detailed mechanisms of ion
and polymer motion that account for this observation. Nonetheless, the demonstrated
structure—property relationship illustrates a rational design rule for novel functional

polymers with applications ranging from energy storage and conversion to medicine.

2.6 Appendix

Elemental analysis results

Samples were sent out for elemental analysis to confirm nominal Ni(TFSI), concen-
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Polymer® cni (ppm)? m (ug)¢ ny; mmol)?  nigp (mmol) rf
PIGE-Ni** 3.7 3660 17.32 1.08 29.3 0.037
PIGE-Ni** 12.1 13200 3.96 0.89 5.99 0.149
PIGE-Ni** 14.9 11000 16.63 3.12 25.8 0.121
PIGE-Ni?** 19.5 16600 20.79 5.88 30.1 0.195

Table 2.2: Elemental analysis of ion conducting dynamic polymer networks based on
metal—ligand coordination. “Polymers are labeled PIGE-Ni?tX.X, where X.X is the
mol% of Ni2* relative to the imidazole ligands. °Concentration of Ni*t. “Mass of
PIGE-Ni?>*X.X polymer. “Moles of Ni>* contained in PIGE-Ni’>*X.X polymer. *Moles of
IGE ligand in PIGE-Ni**X.X polymer. /Determined from the molar ratio of Ni>* to im-
idazole ligands. This ion concentration nomenclature is analogous to that previously
reported for Li™ conducting PEO.

trations. The results are given in Table 2.2.

2.6.1 Linear viscoelastic Response

The contributions of entanglements to the linear viscoelastic response are neglected
due to the absence of a rubbery plateau in the neat PIGE. This assertion is further sup-
ported by Figure 2.8, where the mechanical spectra of the polymer melt and associated
polymer network fail to collapse at all frequencies; an observation consistent with dif-
ferences in topology and relaxation mechanisms governing the mechanical properties

of these materials.

2.6.2 Percolation Theory and the Sol-Gel Transition

PIGE-Ni?* is a dynamic polymer network where chains are associated via physical
interactions. Under a finite stress, the crosslinks eventually split, and the long-time be-

havior is always liquid-like. Thus, these materials do not have a strict sol-gel transition.

It is still interesting to consider PIGE-Ni?* as chemical networks and evaluate the
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Figure 2.8: Viscoelastic response of PIGE-2* for r-concentrations of 0, 0.121, and
0.195 at T,y = T, arises due to metal—ligand coordination between imidazole moi-
eties tethered to the polymer backbone and Ni%* cations resulting from salt dissocia-
tion.

sol-gel transition using percolation theory. In this case, we start from a dense system
of linear chains (degree of polymerization N = Ngo + N;grp >> 1) and we crosslink
them. This is a similar scenario to the vulcanization of rubber.[126] In this situation,
the functionality = = N;gr becomes very large because each IGE monomer is capable
of participating in a crosslink. The sol-gel transition, corresponding to the concentra-
tion at which there is one interstrand crosslinker per polymer chain, is then given by
T, = m ~ (N;gg)~' =~ 0.013. This prediction is below the ion concentration at
which there is a stepwise increase in the elastic modulus (r. &~ 0.121), an observation
consistent with the existence of topological defects in the infinite cluster. The combi-
nations of this prediction with the linear viscoelastic response of associated polymers

serves as a criteria for network formation.

Percolation theory is a mean field theory that generally fails to describe the sol-

gel transition of chemically crosslinked networks. The physical picture of this critical
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phenomenon is based on a “tree approximation”, where topological defects such as
loops or dangling chains arising from steric hindrances are neglected. This is evidently
a gross oversimplification, as excluded volume interactions in a branched molecule are

expected to be even stronger than in linear chains.

To understand why the theoretical prediction of the sol-gel transition of PIGE-Ni?"
can be considered accurate, it is convenient to follow the formalism elegantly discussed
by de Gennes[127] and estimate the number (P) of chains which presumably crosslink
directly with one given chain in the melt. The volume spanned by one particular chain
C'is of order R¥ = N2 a®, and the number of chains per unit volume is 5. Any chain

C’ which has a good overlap with the volume R} is certainly in direct contact at some
N2 a3

-~ N 2. Thus, the total
C

points with C, the number of C'C’ contacts being of order
number of chains C” probably attached to C' is of order P ~ Ry ~ N 2. Clearly,

P >> 1 ensuring that all deviations from a mean field picture are weak and negligible.
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Chapter 3

Decoupling Bulk Mechanics and Mono-
and Multivalent Ion Transport in
Polymers Based on Metal—Ligand

Coordination

3.1 Abstract

Decoupling bulk mechanics and ion conduction in conventional ion conducting
polymers is challenging due to their mutual dependence on segmental chain dynam-
ics. Polymers based on dynamic metal—ligand coordination are promising materials

toward this aim. This work examines the effect of the nature and concentration of

Reproduced with permission from [5]: N. S. Schauser,* G. E. Sanoja,* J. M. Bartels, S. K. Jain, J. G.
Hu, S. Han, L. M. Walker, M. E. Helgeson, R. Seshadri, and R. A. Segalman. Decoupling Bulk Mechanics
and Mono- and Multivalent Ion Transport in Polymers Based on Metal-Ligand Coordination. Chem.
Mater., 30, 5759 (2018). DOI: 10.1021/acs.chemmater.8b02633 (*equal contribution) Copyright 2018
American Chemical Society.
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metal bis-(trifluoromethylsulfonyl)imide (MTFSI) salts on the mechanical properties
and ionic conductivity of poly[(ethylene oxide)-stat-(allyl glycidyl ether)] function-
alized with tethered imidazole ligands (PIGE). Varying the cation identity of metal
salts mixed in PIGE enables dramatic tunability of the zero-frequency viscosity from
0.3kPas to 100kPas. The ionic conductivity remains comparable at approximately

1 among mono-, di-, and trivalent salts at constant metal-to-ligand molar

16 uScm™
ratios due to negligible changes in glass transition temperatures at low ion concen-
trations. Thus, polymers based on metal—ligand coordination enable 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.

3.2 Introduction

The outstanding mechanical properties of associating polymers have enabled novel
functional materials for engineering,[78, 128] biomedicine,[129-131] and energy storage.[89,
132] Associating polymers can be formed from a variety of transient interactions in-
cluding = — 7 stacking,[133] Diels—Alder adducts,[134] electrostatic forces,[80] hy-
drogen bonds,[78, 135, 136] and metal—ligand (M—L) coordination.[75, 82, 83] M—L
interactions are particularly interesting since they enable precise control of bulk prop-
erties through the nature and concentration of metal—ligand complexes with well-
defined coordination geometry and large tunability in interaction time scale.[69, 95]

While the effect of M—L interactions on the mechanics of associating polymers has been
well-studied,[68, 70-73, 121, 137] the use of such systems as ion conducting polymers

remains relatively unexplored. A recent investigation (see Chapter 2) on these materi-

55



Decoupling Bulk Mechanics and Mono- and Multivalent lon Transport in Polymers Based on
Metal—Ligand Coordination Chapter 3

als demonstrates that the zero-frequency viscosity and ionic conductivity are governed
by processes with distinct relaxation times, suggesting that the transient nature of the

M-L bonds plays a role in ion transport.[4]

The viscoelastic response of associating polymers is governed by the lifetime of
the physical cross-links. Above the percolation threshold, these materials behave as
elastic rubbers at shorter times and flow as liquids otherwise.[63, 64, 67] The time
scale of breakage and re-formation of M—L coordination complexes depends on the na-
ture and concentration of the metal and ligand, parameters that can be readily tuned
without significant synthetic efforts[69, 83] This flexibility results from a strategy in
which the polymer is first synthesized, postfunctionalized with a variety of ligands,
and finally dynamically cross-linked with a transition metal salt. Seminal work on
poly(4-vinylpyridine) based on Pd?* or Pt coordinated by N,C,N-pincer ligands il-
lustrates that the linear mechanical response of polymers based on M—L interactions
is universally described by the dissociation rate of model small-molecule coordina-
tion complexes.[83, 95] However, quantitative prediction of M—L polymer dynamic
moduli using model small-molecule M—L complexes in solution remains limited, with
discrepancies in behavior between the model compounds and their polymeric equiva-
lents presumably arising as a result of chain connectivity, solvent concentration, and
cooperativity.[70] Nevertheless, the bulk mechanical properties can be widely con-
trolled based on the identity and concentration of metal and ligand, enabling the ratio-

nal design of complex engineering materials.[76]

Polymer mechanics also plays an integral role in ion conduction due to the coupling
between ion transport and local segmental dynamics.[99] Polymers containing solvat-
ing groups, such as ether oxygens in poly(ethylene oxide), facilitate salt dissociation by

preferentially interacting with the cation while hindering its motion through the poly-
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mer matrix.[3, 37, 138, 139] This issue is exacerbated for multivalent ions because
of stronger interactions with solvating moieties that result in lower cation mobilities
and ionic conductivities.[140-142] These ion—polymer interactions are at the core of
the trade-off between ion concentration and mobility prompting the design of polymer
electrolytes with low glass transition temperatures (7,).[138, 143-145] However, low-
T, 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.[16]

Previous work to decouple the bulk mechanical and ion conducting properties has
focused on the use of either nanostructured materials (e.g., block copolymers[10, 146]
and polymer nanocomposites[147, 148]) or chemically cross-linked polymer networks.[14,
149] Although numerous studies on nanostructured materials have illustrated the role
of structure on ionic conductivity, their bulk performance ultimately depends on the
long-range ion transport enabled by the percolation of the conducting domains. Chem-
ically cross-linked polymer networks are often tedious to optimize because their prop-
erties are extremely sensitive to synthetic conditions. More importantly, these materials
exhibit reductions in the ionic conductivity upon cross-linking due to an increase in 7,

with concomitant detrimental effects on segmental dynamics and ion mobility.

This study illustrates the connection between the mechanics and ionic conduc-
tivity of a series of polymers based on M—L coordination composed of mono-, di-,
and trivalent metal bis(trifluoromethylsulfonyl)imide salts (MTFSI) incorporated in a
poly(ethylene oxide) with tethered imidazole groups. As expected from previous in-
vestigations on analogous materials, the dynamic moduli and terminal relaxation time
are dependent on the identity of the metal species.[69, 83, 95] However, in contrast to

the dramatic tunability of the linear viscoelastic response, the ionic conductivity is rel-
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atively independent of salt identity. The ability to control the terminal relaxation time
separately from local segmental motion at low ion concentration potentially enables
the decoupling of the bulk mechanical and ion conducting properties within a specific
concentration regime. Comparisons between "Li and '°F pulsed-field-gradient NMR
with electrochemical impedance spectroscopy (EIS) in the polymer mixed with LiTFSI
and Zn(TFSI), reveal that the TFSI~ anion is not the only species contributing to con-
ductivity, suggesting that Li* and Zn?" contribute to the ionic conductivity. While the
ion-conducting polymers investigated here do not possess conductivities high enough
for device application, the ability to decouple the polymer mechanical response from

the ionic conductivity represents a promising route for future optimization.

3.3 Experimental Section

Synthesis of Imidazole-Functionalized Copolymer (PIGE). The synthesis of the
imidazole-functionalized poly[(ethylene oxide)-stat-(allyl glycidyl ether)] (PIGE) poly-
mer used in this study was previously reported by Sanoja et al. (Figure 3.1) and is
based on a combination of ionic copolymerization and click chemistry.[4] First, the
allyl-functionalized copolymer (PEO-stat-PAGE) was synthesized using epoxide ring-
opening anionic copolymerization of ethylene oxide (EO) and allyl glycidyl ether (AGE),
followed by UV (365 nm) activated thiol-ene click chemistry of N-(2-(1H-imidazol-1-
yD)-propyl)-4-mercaptobutanamide (Im-SH). The resulting polymer was dried in vacuo
at 55 °C and immediately transferred to a nitrogen glovebox to mitigate moisture up-

take.

Synthesis of Polymers PEO-stat-PAGE and PIGE Containing Metal Salt. Sam-

ples of ion-conducting polymers were prepared in a nitrogen glovebox by mixing stock
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Figure 3.1: Synthesis of imidazole-functionalized PIGE copolymer and subsequent ad-

dition of metal salts allows for unique control of bulk properties. Various MTFSI salts

(Lit, Ni?t, Cu?t, Zn?t, and Fe31) are added in controlled molar ratios of metal to im-

idazole ligand (r-ratios) to understand the role of M-L interactions and concentration

on mechanical properties and ionic conductivity. The cations preferentially coordinate

with the imidazole ligand, forming dynamic cross-links between polymer chains.
solutions of polymer and anhydrous metal salts (0.1 M) in anhydrous methanol. The
metal salts used for this study were LiTFSI, Ni(TFSI),, and Fe(TFSI); (anhydrous, Alfa
Aesar) and Zn(TFSI), and Cu(TFSI), (anhydrous, Alfa Aesar and Solvionic). Salts from
two manufacturers were acquired for Zn** and Cu?", with subtle differences detected
throughout the measurements. Unless explicitly stated, the measurements reported
here are for salts sourced from Alfa Aesar. Controlled ratios of metal cation (M**)
to imidazole (Im) ligand (r = [M**]:[Im]), for PIGE, or equivalently of metal cation
to AGE (r = [M*T]:[AGE]) for PEO-stat-PAGE polymers, of r = 0.05, r = 0.083, and
r = 0.1 were prepared by stoichiometrically mixing appropriate amounts of the poly-

mer and salt solutions. The resulting solutions were stirred in the glovebox at 40°C

until they were homogeneously mixed.

Molecular Characterization. Size exclusion chromatography was performed on a

Waters instrument using a refractive index detector and Agilent PL gel 5 ym MiniMIX-D
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column. THF at 35 °C was used as the mobile phase with a flow rate of 1.0 mL min~!.

The polydispersity index (D) was determined against PEO narrow 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 determined using 'H NMR end-
group analysis. This spectrum was collected in CDCl; at a polymer concentration 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 glovebox prior to characterization. Samples were drop-cast from solution
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 (1 x 1073 Torr) and

then for 1h in a high-vacuum oven (1 x 10~% Torr).

Thermal Characterization. Polymer samples were drop-cast from solution into
standard aluminum pans and dried as detailed above. The samples were briefly ex-
posed to air between the final vacuum step and the sealing of the DSC pans. The glass
transition temperature (7,) was measured with a PerkinElmer DSC 8000 on second

heating at 20 °C min~! using the onset method.

Mechanical Characterization. Samples with a molar ratio » = 0.1 were drop-cast
onto Teflon sheets, dried as described above, and transferred to a TA Instruments
ARG2 rheometer operating under dry nitrogen flow. Samples were loaded onto a
temperature-controlled platen and contacted with an 8 mm parallel top plate for mea-
surement. Sample thicknesses were approximately 200 ym. Dynamic frequency sweeps
were performed over a range of temperature, frequency, and strain amplitude of 5°C
to 70°C, 100rads™! to 0.1rads™!, and 0.1% to 10%, respectively. Strain sweeps
at 10rads™! confirmed that measurements were performed in the linear viscoelastic

regime. Time-temperature superposition (TTS) was performed using horizontal shift
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factors with a reference temperature of 20 °C. TTS was not performed for the PEO-stat-

PAGE samples, except for the Ni(TFSI), in PEO-stat-PAGE.

'H—"Li 2D Heteronuclear Correlation NMR. A PIGE sample mixed with LiTFSI at
a molar ratio » = 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 4 mm rotor. 1D 'H and 2D 'H-"Li
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 dimension 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 EIS
on samples sandwiched between parallel ITO blocking electrodes. ITO electrodes
on glass substrates were cleaned via subsequent sonications of 5min with detergent,
deionized water, acetone, and isopropyl alcohol followed by a 5min UV/ozone treat-
ment. A 1/8 or 3/16in. hole was punched into 150 yum double-sided Kapton tape
to define the cell surface area. Samples with a molar ratio » = 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 an inert atmosphere,
with sample thicknesses ranging from 150 ym to 200 ym. Transparent ITO-coated glass
substrates were used to ensure complete contact of the sample to the electrodes. Both
the Alfa Aesar and Solvionic Zn?>* and Cu?* salts were investigated. The EIS measure-
ments were performed using a Biologic SP-200 potentiostat in a nitrogen glovebox. A
sinusoidal 100 mV signal was applied over a frequency range of 1 MHz to 1 Hz at tem-
peratures ranging from 30 °C to 90 °C. The data were converted into dielectric storage

and loss, and the ionic conductivities were determined from the real component of
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conductivity at the maximum in tan(J).[118] This method is equivalent to determining
the ionic conductivity from the low-frequency intercept of the impedance with the real

axis. At least two samples were measured for each composition.

Determination of Lithium Transference Number. The PIGE and PEO-stat-PAGE
LiTFSI ion-conducting polymers at a molar ratio » = 0.083 were further characterized
via dc polarization of symmetric lithium foil-polymer-lithium foil coin cells assembled
in an argon glovebox. Samples were drop-cast on Teflon, dried as described above,
and transferred to a 1/8in. 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 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 measured as a
function of time. EIS measurements were performed periodically to evaluate changes
in the interfacial resistance. Lithium transference numbers were calculated following

the method of Bruce and Vincent:[50, 52]

L (AV — IgRo)
= 1
Y T oAV —L.R..) G

Here, AV is the applied potential (100 mV), R, and R,, are the initial and steady-state
interfacial resistances, respectively, /., is the steady-state current, and I, is the initial

current determined from Ohm’s law:

AV

A —
0 Ra

(3.2)

where Rg is the initial cell resistance (bulk and interfacial) measured by EIS. Using
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I, instead of the initial current eliminates measurement errors related to the speed at

which the instrument can record the initial current.[150]

Pulsed-Field-Gradient (PFG) NMR. Samples at a molar ratio » = 0.083 were drop-
cast onto Teflon 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 4cm long samples. The capillaries were centered in medium-walled NMR
tubes and sealed with high-pressure caps before measurement. PFG NMR measure-
ments were performed on a Bruker Avance III super-wide-bore spectrometer equipped
with a Bruker DIFF50 diffusion probe tuned to “Li and '°F nuclei with replaceable
radio-frequency (RF) inserts. F diffusion measurements of the TFSI~ anion were per-
formed on the Li* and Zn?* PEO-stat-PAGE and PIGE samples at temperatures ranging
from 30 °C to 80 °C. Diffusion measurements were not possible for the Ni**-, Cu?*-, or
Fe3"-containing samples due to line broadening by the paramagnetic relaxation effects.
"Li diffusion measurements were performed between 30°C and 75 °C on the Li* PEO-
stat-PAGE sample and at 80 °C on the Li* PIGE sample. Lower temperatures for the Li*
PIGE could not be explored due to the low cation diffusion coefficient. Samples were
equilibrated at each temperature for 15 min before measurement. A pulse sequence of
stimulated echoes with bipolar pulses was used to measure diffusion coefficients. The

attenuation of the echo (F£) was fit to

E =exp {—72g252D (A — g)] (3.3)

where ~ is the gyromagnetic ratio, g is the gradient strength, ¢ is the gradient pulse
length, A is the interval between gradient pulses (diffusion time), and D is the diffusion

coefficient. The intervals between gradient pulses used for the acquisitions ranged
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from 20 ms to 40 ms for “Li and from 15ms to 20ms for 'F. The pulse lengths used
for acquisitions ranged from 4ms to 5ms for ‘Li and 1ms to 4ms for 'F. For each
diffusion measurement, 16 experiments 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

diffusion coefficients using the Nernst-Einstein equation[33]

F2

o zichDJr + z%c,D,) (3.4)

where F' is Faraday’s constant, R is the ideal gas constant, 7" is the absolute temper-
ature, and z4, ¢y, and D, are the valency, concentration, and diffusion coefficient of
the cation/anion, respectively. PEFG NMR probes ion diffusion on a characteristic length
scale v/DA on the order of 1 ym to 10 ym. While the characteristic length scale probed
by electrochemical impedance spectroscopy depends on more complex factors, 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 intermolecular interactions and assumes
that the ionic species are completely dissociated.[33] Consequently, there might be dis-
crepancies between the calculated and experimentally 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. mea-

surements) or incomplete salt dissociation (inaccurate estimation of ¢).[59, 60, 151]
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In the binary electrolytes investigated in this study, the anion TFSI~ concentration will
equal z,c, under the assumption of full salt dissociation. Thus, equation 3.4 reduces

to

F20+
RT

o =

(23Dy +2:D_) (3.5

3.4 Results and Discussion

Figure 3.2: (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 anions. In all figures, a
fourfold coordination geometry is used for illustrative purposes.

To elucidate the effect of the nature and concentration of M—L bonds on the me-
chanical and ion conducting properties of polymers with tethered ligands, an array of
mono- (Li"), di-(Ni**, Zn?*, Cu?"), and trivalent (Fe**) MTFSI salts were incorporated

into model PIGE at controlled molar ratios of metal cations to pendant imidazoles (r-
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ratios). These neutral, nitrogen-linked, and pendant imidazoles (see Figure 3.1) 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 3.2b). Moreover, the fraction of cations coordinated by imidazole and part of
a M—L crosslink will depend on the preferred complex geometry and is expected to
range between 4 and 6.[69] The weak electrostatic interactions resulting from large
and charge-delocalized TFSI~ anions resemble that of ionic liquids, yielding ‘plasti-
cized’ and amorphous polymers which even at high ion concentrations exhibit low Ts.
A PEO backbone was investigated because its relatively high dielectric constant poten-
tially 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 3.2a), the latter is
expected to be the primary interaction dictating the bulk polymer properties as the
equilibrium constant for metal cation—imidazole complexation is significantly larger
than that of metal cation—crown ether solvation.[102, 119, 137] In the case of LiTFSI
salt in PIGE, this is substantiated by 'H—"Li 2D NMR heteronuclear correlation, which
reveals the proximity of Li* to imidazole ligands (Figure 3.3). The peak intensities
of the imidazole protons (6.1 ppm to 8.2 ppm) relative to the aliphatic protons on the
PEO backbone (0 ppm to 5.8 ppm) is significantly higher in the heteronuclear correla-
tion (HETCOR) spectrum of 'H coupled to “Li compared to the direct 1D *H spectrum,
as illustrated in Figure 3.3. In the 1D 'H spectrum the ratio of the peak integrals of
6.1 ppm — 8.2 ppm to 0 ppm — 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
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to spatial proximity. The other cation species are expected to follow similar behavior.
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Figure 3.3: Solid-state NMR spectra demonstrate that cations interact preferentially
with imidazole ligands. (a) 2D HETCOR 'H—"Li spectrum. (b) Comparison of 1D 'H
spectrum (red) with the projections of 'H dimension (blue) from the 2D spectrum.
This highlights the relative intensity changes of the 'H peaks.

The dynamic nature of these M—L coordination bonds also allows for bond break-
age and re-formation on time scales that facilitate long-range cation transport. This
mechanism of ion conduction is fundamentally different from that of anions as these
weakly interact with polymers and have motion primarily dependent on the local seg-
mental dynamics. Cation conduction through these systems would be maximum with
extremely labile M—L coordination bonds. This physical picture is similar to that of
conventional polymer electrolytes (PEO) which are composed of nucleophilic polymer
backbones that only solvate cations. The model PIGE is a statistical copolymer PEO3,3-
stat-PIGE,q (M,, = 40kDa, b < 1.2) with a constant mole fraction of imidazole moieties
(z;qe = 0.17) and was previously synthesized as described in Chapter 2.[4] DSC traces
demonstrate its amorphous nature, a result consistent with the suppression of PEO crys-
tallization in an atactic backbone. The molecular properties and thermal transitions of

the various polymers are summarized in Table 3.1.
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Polymer r*  wt%salt T, (°C) o (uS/cm) at70°C ¢ (uS/cm) at
T—-T,=90°C

PIGE 0.0 O —33 1.0 £0.49 0.47 £0.21
PIGE Lit 0.1 4.8 —32 17 +£0.37 8.1 +0.35
PIGE Ni2* 0.1 9.8 —29 15 +1.2 9.3 +£0.92
PIGE Cu?*t (44 0.1 9.9 —-31 20 +1.8 10 £0.73
PIGE Cu*t ) 0.1 9.9 —25 13.6+1.6 10 £1.1
PIGE Zn?t 44 0.1 9.9 —28 20 +0.7 13 +0.33
PIGE Zn2t ) 0.1 9.9 —25 18 +1.4 13 +1.1
PIGE Fe?* 0.1 13.6 —28 12 +1.1 7.6 +£0.70

Table 3.1: Properties of ion-conducting polymers. All polymers are based on the same
PIGE precursor synthesized in Chapter 2,[4] with a degree of polymerization of EO of
323 and of AGE of 79. ¢ r = [M**:Imidazole]. ® Determined via differential scanning
calorimetry. (44)Salt acquired from Alfa Aesar. (°)Salt acquired from Solvionic.

3.4.1 Linear Polymer Mechanics

M-L coordination dramatically changes the bulk mechanical properties, as evi-
denced by a shift in the linear viscoelastic response to higher modulus and lower fre-
quency upon incorporation of various MTFSI salts into PIGE (Figure 3.4a,b). 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.[63, 64, 67] The neat PIGE polymer is
expected to be weakly entangled based on the molecular weight of the PEO backbone,
with small contributions to elasticity relative to M—L cross-linking.[152] At an r-ratio
of 0.1, the rheological signature of polymers with Ni** and Fe®** clearly show a plateau
in G’ and a peak in G” while that of polymers with Li*, Cu?*, and Zn?* only reveals a
slight increase in G’ and decrease in terminal relaxation time, indicating slower poly-
mer dynamics. Although it is known that both Cu?* and Zn?* interact with imidazole
to form dynamic cross-links,[69, 76] there is an almost inconsequential change in the

mechanical response that presumably results from either a change in cross-link concen-
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Figure 3.4: Mechanical properties of the polymer change drastically upon the addition
of various metal salts. For the PIGE polymer containing covalently tethered ligands,
Ni?* and Fe3* cations act as transient cross-linkers resulting in the appearance of a
plateau in the storage modulus (a) and peak in the loss modulus (b) within the ac-
cessible frequency-temperature range. (c) A clearer effect of metal cross-linking can
be seen from the complex viscosity, which increases dramatically with the addition of
metal salts except for LiTFSI. Time-temperature superposition was successfully per-

formed on all samples.
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tration compared to the Ni?* system or the similarity in time scale of M—L dissociation
compared to relaxation of the entangled polymer melt. Additionally, 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. Existing theories relate the modulus and terminal
relaxation time scale with M—L (‘sticker’) binding kinetics.[63, 64] M—L dissociation
kinetics trends for the equivalent small-molecule M—L system in aqueous solution do
not match the experimental trend of characteristic relaxation time in this study (see
the Appendix). As mentioned earlier, such discrepancies are perhaps expected since
kinetic trends of M—L dissociation in aqueous solution neglect solvent cooperativity
and polymer chain connectivity.[70] Further work is needed to determine the kinetics

of M—L dissociation in polymer melts.

The effect of the MTFSI salts on the mechanical properties can be illustrated more
clearly by inspecting the complex viscosity |1*| = 1/ (7')* + (i”)* , a property which de-
scribes the resistance of a fluid to undergo shear flow. More specifically, examination of
its low-frequency plateau ), (zero-frequency complex viscosity) is more convenient as
this accounts for changes in cross-link concentration, polymer structure, and relaxation
times with dynamic M—L bonds.[67, 121] Figure 3.4c illustrates an increase in 7, upon
addition of MTFSI to PIGE for all metal cations except for Li*. The rheological similar-
ity between PIGE and PIGE mixed with LiTFSI suggests that either each Li* interacts
with only one imidazole, thus not forming temporary cross-links, or the time scale for
interaction between Li* and imidazole is short compared to polymer dynamics. Inter-
estingly, the increase over 3 orders of magnitude in 7, does not correlate with 7, (Table
3.1), as the polymer with Ni?* is significantly more viscous than that with Cu?* or Zn?*

even though they all have T, ~ —30°C. This observation serves to demonstrate that
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AA 5 AA 5
T - T 1000 ON;i U(Zn ) U(Z’IL> J(Cu ) Oé‘u) OFe
9 T-Ty oui oL oLi oL oL oL

111.1 9 10 14 16 12 13 0.8
83.3 12 1.2 16 18 13 13 1.0
66.7 15 14 19 19 13 14 1.2

Table 3.2: Ratios of the ionic conductivity of PIGE with di- and trivalent MTFSI salts to
that of the same polymer con-taining monovalent LiTFSI. At three different reduced
temperatures 7' — T, 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 (A4 Alfa Aesar and (%) Solvionic.
the segmental dynamics, as expressed by 7}, and bulk polymer dynamics, as described
by 79, are decoupled, as the latter depends on the lability of M—L cross-links. As will
be discussed shortly, this is the fundamental reason that enables independent control

over the mechanical and ion conducting properties through the identity of the metal

cation.

3.4.2 Ion Transport

The ionic conductivity of the PIGE-MTFSI is roughly independent of the identity of
the metal cation (Figure 3.5, Tables 3.1and 3.2). Its Vogel-Fulcher-Tamman (VFT)
temperature dependence reveals the importance of entropy and free volume on ion
motion. As previously noted, there is a minimal shift in 7}, across 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 properties.

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 standpoint, this is a conse-
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Figure 3.5: The ionic conductivity can be approximately normalized by the ratio of

the concentration of metal to imidazole (r), regardless of ion valency or identity.

Each data point results from an average of at least two different samples; error bars

represent 68% confidence intervals.
quence of the molecular processes governing ion transport and bulk mechanics. While
the former primarily depends on the local segmental dynamics as quantified by 7, the
latter results from polymer self-diffusion through a sequence of M—L association and
dissociation steps. At 7' = 70°C, the total ionic conductivity of PIGE-MTFSI is approx-
imately 16 uS cm~! with no observable trend with the identity of the metal ion, while
no increases from 0.3 kPas to 100 kPa s between Li* and Ni*" (Figure 3.6). Again, the
dramatic increase in 7, is due to physical crosslinking and changes in the lifetime of
M-L coordination. These observations complement our previous investigation on the
effect of ion concentration on the bulk properties of polymers based on M—L coordina-
tion (Chapter 2)[4] and allow us to develop rational design rules for high-performance
materials. In particular, there is an optimum ionic conductivity due to the compet-
ing effects of increasing ion concentration and decreasing ion mobility,[4] with further

stiffening enabled by changing the identity of the metal cation without detrimental
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effects to the ionic conductivity.
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Figure 3.6: Polymers based on M—L coordination enable independent 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% confi-dence intervals.

Examination of the ionic conductivity within the framework of dilute solution the-
ory not only demonstrates a complex trade-off between ion mobility, valency, and ion
concentration on ion transport but also serves to further investigate the fundamental
reason why the ionic conductivity 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 equation 3.5, and vexing because the anion and overall ion
concentration 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 3.5 that the contributions to the ionic conductivity from the cation and
anion should scale with 22 and z,, respectively.[33] These are presumably invalid as-
sumptions, 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
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from the TFSI-, a common feature in polymer electrolytes such as PEO/LiTFSI, 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 3.2 summarizes the ra-
tio of the ionic conductivity of PIGE with di- and trivalent MTFSI salts to that of the
same polymer containing monovalent LiTFSI. This ratio is evaluated at three differ-
ent reduced temperatures (7' — 7,) to account for differences in segmental dynamics
among the polymers investigated, though this correction is inconsequential due to the
negligible change in 7, with the identity of the MTFSI salts. Only at the lowest re-
duced temperature (7' — T, = 66.67 K), the PIGE based on Zn** is approximately twice
as conductive as that based on Li*, but for all other temperatures and metal cations
the theoretical scaling does not hold. Similar results are observed for an r-ratio of 0.05
(see Appendix, Figure 3.10). This motivates a thorough reassessment of the compar-
ison between measured ionic conductivity and predictions from dilute solution theory
and suggests that changes in diffusion coefficient or incomplete salt dissociation likely

dominate the behavior of the M—L polymers studied here.

3.4.3 Ion Diffusion Coefficients and Dilute Solution Theory

The deviation from dilute solution theory of the ionic conductivity 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 investigate the role of ion mobility
on conduction by probing the self-diffusion coefficients of NMR-active nuclei on a mi-
crometer length scale.[59, 60, 153] This technique does not distinguish between ions
and aggregates composed of an NMR-active species unless their diffusion coefficients
or chemical shifts are distinguishable over the experimental time scale (i.e., in the ab-

sence of fast exchange between ion and aggregate states). Previous investigations on
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Figure 3.7: 'F diffusion measurements reveal the nature of the cation and concentra-

tion of the anion do not play a role in the anion diffusivity in polymers based on M—L

coordination. Although PIGE with Zn?* has twice as much TFSI~, the anion is just as

mobile as in PIGE with Lit after accounting for differences in Tj,. (AA) and (S) refer

to salt sourced from Alfa Aesar and Solvionic, respectively.
PEO—LIiTFSI have demonstrated that the ion diffusion coefficients decrease with ion
concentration,[60] 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
coefficient by 7, should yield a universal master curve irrespective of metal identity.
This is indeed the case when examining the diffusion coefficient of TFSI~ in PIGE with
Lit and Zn?*" (Figure 3.7). The only subtle differences in diffusion coefficient implies
not only that the metal identity and 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
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the same universal scaling after normalizing for 7, (Appendix, Figure 3.11). As will
be discussed later, this is presumably due to incomplete dissociation of the MTFSI salts
within the PEO-stat-PAGE, causing ion—ion interactions to affect the anion diffusion
coefficient. Thus, we hypothesize that metal—imidazole 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.

The anion diffuses faster than the cation in polymers based on M—L coordination,
consistent with previous investigations on PEO—LIiTFSI and presumably due to inter-
actions of the cation with the polyether backbone or imidazole ligands.[138] “Li PFG
NMR experiments on PIGE (see Appendix, Figure 3.12) enable measurement of the
Li* diffusion coefficient and further calculation of the transference number within the

context of dilute solution theory

Z+D+
t,=—— 3.6
2D, +D_ (3.6)

where z, is the valency of the cation, and D, are the diffusion 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 in-
teractions in the presence of imidazole. Whereas the Li* ions in the PEO-stat-PAGE
polymer are solvated by ether oxygens and thus tightly wrapped by the polymer back-
bone, the Li* in the PIGE interact primarily with the imidazole, as demonstrated with
'H—7"Li 2D heteronuclear correlation in Figure 3.3. This likely facilitates hopping be-

tween adjacent sites in the PIGE. These results are further supported by comparisons

76



Decoupling Bulk Mechanics and Mono- and Multivalent lon Transport in Polymers Based on
Metal—Ligand Coordination Chapter 3

of the transference number with that determined via conventional chronoamperom-
etry (equation 3.1) in symmetric lithium foil—polymer electrolyte—lithium foil coin
cells (0.18 at 80°C).[52] The agreement demonstrates that the diffusion coefficients

measured by PFG NMR do not have an important contribution from ion aggregates.

Comparison of the ionic conductivity with predictions from dilute solution theory
indicates that the Li* and Zn** are mobile in PIGE (Figure 3.8). In PEO-stat-PAGE with
Li*, the ionic conductivity calculated with equation 3.5 overestimates that experimen-
tally determined with EIS, especially when accounting for contributions from both ions.
This observation indirectly suggests incomplete dissociation or aggregation of LiTFSI in
PEO-stat-PAGE. A similar analysis on PIGE with Li* reveals that contributions of both
the Lit and TFSI~ are required to adequately capture the experimentally measured
conductivity. The addition of the imidazole ligands presumably enhances salt dissoci-
ation such that the Nernst-Einstein relation in equation 3.5 adequately describes the
ionic conductivity. This comparison between theory and experiment becomes useful

when analyzing the ionic conductivity and diffusivities of polymers based on Zn?*.

In particular, incomplete dissociation is even more apparent 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 3.5 assuming a single-ion
TFSI~ conductor (D, = 0) already overestimates the measured conductivity value. The
Zn** PIGE system, however, underestimates the conductivity when only taking TFSI~
diffusion into account (Figure 3.8). This suggests either the presence of an additional
mobile ion or that the TFSI~ diffusion coefficient measured via PFG NMR does not ad-
equately capture the true behavior of the ion. A combination of XRF, 'H and F NMR,
and Karl Fischer (KF) titration corroborated the high purity (>99%) of the Zn(TFSI),

salt, indicating that the residual conductivity is likely due to mobile Zn** within the
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Figure 3.8: The comparison of measured conductivity values with calculated conduc-
tivity suggest incomplete salt dissociation for the PEO-stat-PAGE, and cation contribu-
tion to the conductivity for the PIGE. Conductivity is calculated using diffusion coef-
ficients measured from pulsed-field-gradient NMR using the Nernst-Einstein equation
assuming full salt dissociation. First only anion (TFSI™) participation in ion conduc-
tivity 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 overes-
timation of conductivity compared to the measured conductivity indicates incomplete
salt dissociation, while in the PIGE samples (b, d) TFSI~ diffusion underestimates the
observed conductivity. Lithium diffusion adequately accounts for the remaining dif-
ference in LiTFSI PIGE (b), suggesting the possibility that zinc might account for the
remaining difference in the Zn(TFSI)y PIGE (d). Zn(TFSI), from Alfa Aesar was used
for the PEO-stat-PAGE measurement, while the Solvionic salt was used for the PIGE
measurement.
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sample. Assuming all Zn?" are dissociated and mobile, one can estimate with equa-
tion 3.5 the diffusion coefficient that would be required to obtain the experimentally
measured conductivity value. This analysis provides a lower bound of a diffusion co-
efficient of Zn?* in PIGE of around 3 x 10~ cm?s~! at 80 °C, which would correspond
to a transference number of 0.13 (see the Appendix). Although the Zn?* diffusion co-
efficient is about 35% that of Li*, its higher valency provides leeway for an equivalent

contribution to the ionic conductivity at slower ion motion.

3.5 Conclusion

The introduction of metal salts into a polymer matrix containing covalently tethered
imidazole ligands enables the decoupling of mechanical properties from ionic conduc-
tivity. Polymers based on M—L coordination exhibit higher zero-frequency viscosities
compared to the neat entangled polymer melt, with high sensitivity toward 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. Ion 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 concentration.
These results enable orders-of-magnitude changes in polymer zero-frequency viscos-
ity with negligible changes in ionic conductivity. PFG NMR diffusion measurements
performed on polymers based on Li* and Zn** demonstrate that TFSI~ diffusion is in-
sensitive to cation identity or anion concentration and only depends on polymer T},
Interestingly this result only holds for the imidazole-containing polymer and not the

PEO-stat-PAGE precursor. Whether this is a function of the extent of dissociation of
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the metal salt or is due to the nature of the M—L interaction 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 NMR probe different time scales, this analysis for the PIGE with
Zn>T suggests that, in addition to the TFSI~, Zn** ions contribute to the ionic conduc-
tivity measured by EIS. While Zn?* ions appear to have lower diffusion coefficients 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 multi-
valent systems can be designed with beneficial mechanical properties and no detriment

to total ionic conductivity compared with monovalent salt species.

3.6 Appendix

3.6.1 Connection of observed trend in 7y and M—L dissociation ki-

netics

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 Lit, Ni**, Cu?t, Zn?**+
and Fe3™ with ligand moieties in aqueous solution have been found to be roughly in-
dependent of ligand identity, as the rate-determining step is considered to be the inter-
action of the M—L complex with water (i.e. a solvent-assisted mechanism).[154, 155]

It is thus perhaps not surprising that the trend in dissociation kinetics in aqueous solu-
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Figure 3.9: Zero-frequency viscosity trends as a function of cation identity do not
follow M—L dissociation kinetics trends (¢p;ssociation = L ) for the given

(Dissociation rate
metal ions in aqueous solution.
tion (Lit ~ Cu®T > Zn?T > Ni** > Fe?") does not correspond to that in zero-frequency
viscosity (Lit < Zn?** < Cu®* < Fe?** < Ni?*) as shown in Figure 3.9. Data for dissoci-
ation kinetics for M—L exchange in bulk polymer melts or even organic solvents is not

available for a majority of metal ions and ligands.

3.6.2 Ionic Conductivity

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

maximum in tan(4)[118]:

€y Area
= 3.
Co thickness (3.7)
Z//
€ = (3.8)

(27 + 2%) wC
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Figure 3.10: Ionic conductivity as a function of reduced temperature at a molar ratio
of metal:imidazole of » = 0.05. The data can be approximately normalized by r-ratio.
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3.6.3 PFG NMR

Calculation of Zn** diffusion coefficient and transference number
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Figure 3.12: 7Li 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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T(°C) ogis Drpsi- OTFSI- O Zn2+ D zp2+ s
(Sem™1) (cm?s1) (Sem™1) (Sem™Y) (cm?s1) (Zn?*1)
50 4.39x107% 2.33x107Y 3.00x10°% 1.38x10°% 5.36x107'° 0.32
60 9.12x107% 5.28x107? 6.60x107% 2.52x10°% 1.00x107° 0.28
70 1.62x107° 1.09x10~® 1.32x10~° 3.01x10°% 1.24x10~° 0.19
80 2.59%x107° 1.91x107® 2.26x107° 3.32x10°% 1.40x107° 0.13

Table 3.3: Measured values of EIS conductivity, TFSI— diffusion coefficient, calculated
TFSI~ conductivity, calculated Zn?* conductivity, and calculated Zn?* diffusion coeffi-
cient at temperatures between 50 °C and 80 °C. The cation concentration is estimated

as 0.186 mMol cm~3 assuming a polymer density of 1.06 g cm 3.

From the difference in conductivity measured via impedance spectroscopy (og;s)

and that calculated from PFG-NMR assuming only TFSI~ mobility (crrg7-), One can es-

timate 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 3.3):

Ozn2+ = OFIS — OTFSI-

2+ RT
DZn2+ = —O-Z i
F2c 29

Z+D+
o=
Z+D+ + D,
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Chapter 4

The Role of Backbone Polarity on
Aggregation and Conduction of Ions in

Polymer Electrolytes

4.1 Abstract

The usual understanding in polymer electrolyte design is that increasing the poly-
mer dielectric constant results in reduced ion aggregation and therefore increased
ionic conductivity. We demonstrate here that in a class of polymers with extensive
metal—ligand coordination and tunable dielectric properties, the extent of ionic aggre-
gation is delinked from the ionic conductivity. The polymer systems considered here

comprise ether, butadiene, and siloxane backbones with grafted imidazole side-chains,

Reproduced with permission from [215]: N. S. Schauser, D. J. Grzetic, T. Tabassum, G. A. Kliegle, M.
L. Le, E. M. Susca, S. Antoine, T. J. Keller, K. T. Delaney, S. Han, R. Seshadri, G. H. Fredrickson, and R. A.
Segalman. The Role of Backbone Polarity on Aggregation and Conduction of Ions in Polymer Electrolytes.
J. Am. Chem. Soc., 142, 7055 (2020). DOI: 10.1021/jacs.0c00587 Copyright 2020 American Chemical
Society.
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with dissolved Li*, Cu®*, or Zn?" salts. The nature of ion aggregation is probed using
a combination of X-ray scattering, electron paramagnetic resonance (in the case where
the metal cation is Cu?"), and polymer field theory-based simulations. Polymers with
less polar backbones (butadiene, and siloxane) show stronger ion aggregation in X-ray
scattering compared to those with the more polar ether backbone. The T,-normalized
ionic conductivities were however unaffected by extent of aggregation. The results are
explained on the basis of simulations which indicate that polymer backbone polariz-
ability does impact the microstructure and the extent of ion aggregation, but does not
impact percolation, leading to similar ionic conductivity regardless of the extent of ion
aggregation. The results emphasize the ability to design for low polymer 7}, through
backbone modulation, separately from controlling ion-polymer interaction dynamics

through ligand choice.

4.2 Introduction

Ion conducting polymers show great potential as electrolytes in energy storage
devices because they promise increased safety, mechanical robustness, and voltage
stability.[1, 27] Higher ionic conductivity than is currently obtainable is still a re-
quirement for practical applications.[2] A fundamental understanding of the design
principles for high-conductivity solvent-free polymer electrolytes remains elusive, al-
though significant progress has been made both experimentally[14, 138, 156-158]
and computationally.[138, 159, 160]

Ionic conductivity in polymer electrolytes is dependent on the concentration and dif-
fusion coefficient of the ionic species present.[33] Many factors influence these quan-

tities, including polymer dielectric constant,[105, 161-163] glass transition tempera-
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ture, 7;,,[26, 39, 42] solvation chemistry,[32, 164, 165] ion aggregation,[166, 167] and
molecular architecture and morphology (Figure 4.1).[8, 9, 168, 169] A current chal-
lenge is to design systems that enable these factors to be separated in order to identify
their respective impacts. This is difficult as many of these factors are interconnected,
an example being polymer polarity and 7,.[170]

Polymer mesostructure,

: Segmental dynamics
architecture

N\ °

on-ion
interactions

Cation
solvation
dynamics

lon aggregation structure

Figure 4.1: Polymer electrolytes often dissolve salt incompletely due to a low dielectric
constant, with ion-ion interactions resulting in aggregation. On a molecular level, the
solvation site identity, polymer architecture, segmental dynamics, and salt identity
affect ion motion.

The extent of ion aggregation or clustering remains relatively unexplored for many
reported polymer electrolytes. The lower dielectric constant of polymer electrolytes
compared to organic liquid electrolytes results in incomplete salt dissociation and clus-
tering of ionic species added to the polymer. Conflicting literature exists on whether ion
clustering and aggregation negatively impact conductivity performance. Some studies
have suggested that reducing ion aggregation leads to higher ionic conductivity. For
example, for a poly(ethylene oxide) (PEO)-based Li* single-ion conductor, a decrease
in the polymer dielectric constant with increasing temperature led to increased ion
aggregation. This clustering of ions resulted in a low mobile Li* content and low
conductivity.[171, 172] Ionic conductivity for this PEO-based single-ion conductor was

improved upon the addition of a poly(ethylene glycol) plasticizer, due to both a lower

87



The Role of Backbone Polarity on Aggregation and Conduction of lons in Polymer Electrolytes
Chapter 4

T, and decreased ion aggregation from charge-shielding.[173] Furthermore, molecular
dynamics simulations on polyether electrolytes suggest that increasing their dielectric

constant results in decreased ion aggregation and increased ionic conductivity.[37]

There are, however, other studies suggesting that aggregation can enhance ionic
conductivity. Sinha and Maranas showed that for single-ion conductors based on Li*,
Cst, or Na*, the aggregation state varied with ion identity but the ionic conductivity
did not; they attributed this to an invariance of the local dynamics with ion identity
as measured via quasielastic neutron scattering.[174] Separately, molecular dynam-
ics simulations for single-ion anion conductors suggest that percolation of ion aggre-
gate domains may enhance anion motion by decoupling it from polymer segmental
dynamics.[175] Additionally, proton conductivity has shown to be dramatically im-
proved in comb polymers that form aggregated nanochannels compared with simi-
lar polymers without nanoscale organization.[176] Similar trends are seen in precise
ionomers forming nanoscale proton transport layers.[177] Lastly, a recent study prob-
ing the effect of linker polarity in polymeric ionic liquid networks suggested that both
ion aggregation and ionic conductivity near 7, are promoted with the use of a lower

polarity linker.[178]

It is very likely that ion aggregate morphology determines the impact of aggre-
gation on ionic conductivity behavior. Ion aggregates that form into discrete clus-
ters, whether spherical, cylindrical, or ramified, might show poor conductivity perfor-
mance compared to aggregates that form percolated domains through the bulk of the
electrolyte.[167, 179] This was suggested to be the cause of the improved conductivity
seen in an imidazolium polymer with ions placed along the backbone rather than pen-
dant to the backbone; changing the placement of ion groups within polymers affects

the aggregation morphology, with percolated morphologies leading to improved con-
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ductivity behavior.[38, 108, 180] Aggregation morphology is challenging to measure
experimentally, however, as X-ray scattering and Raman can indicate the existence but
not the morphology of aggregates.[38] Some groups have obtained real-space aggre-
gate images using electron microscopy.[181-183] However, aggregate shape is gener-

ally identified from computation rather than experiment.[38, 184]

This work analyzes the impact of aggregation on conductivity for imidazole-containing
polymers with a range of polymer backbone chemistries and both mono- and multiva-
lent salts. We have employed a versatile synthetic platform using thiol-ene click chem-
istry to post-functionalize polymers containing pendant vinyl groups. This enables us to
study the effect of segmental dynamics and dielectric constant on ion aggregation and
conductivity without changing the solvating species. We find that the backbone iden-
tity controls the dielectric constant and thus the extent of ion aggregation as probed

via X-ray scattering and field-theoretic simulations.

Importantly, ion aggregation and salt identity do not correlate with ionic conductiv-
ity performance, and instead, only the glass transition temperature plays a major role
in determining conductivity. This study shows how polymer electrolyte design can be
optimized by controlling segmental dynamics of the polymer matrix through polymer

backbone choice, separately from the choice of the pendant solvating unit.

4.3 Experimental and Theoretical Methods

Synthesis of Polymer Backbones. Poly(allyl glycidyl ether) (PAGE) was synthe-
sized via anionic ring-opening polymerization of allyl glycidyl ether using benzyl al-
cohol deprotonated by potassium naphthalenide as an initiator as previously reported

in the literature by Lee et al.[117] The reaction was performed at 45 °C under argon
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atmosphere for 24 h. The resulting PAGE was purified by precipitation in hexane and
dried under vacuum at 45 °C for 10 h. Poly(vinyl methyl siloxane) (PVMS) was syn-
thesized by anionic polymerization using standard Schlenk line techniques. A 40 mL
portion of uninhibited and dry THF was further purified by distillation over n-butyl
lithium and dried by the addition of 200 L of sec-butyl lithium at 0 °C, after which
the solution was allowed to warm to room temperature. The monomer, 1,3,5-trivinyl-
1,3,5-trimethyl-cyclotrisiloxane (Gelest), was degassed by three freeze-pump-thaw cy-
cles and used without additional purification. A 200 uL portion of sec-butyl lithium
was added to THF at 0°C as initiator, followed by the addition of 3 mL of degassed
monomer. The reaction was allowed to proceed for 3h at 0°C before termination
with degassed methanol. The solution was concentrated and precipitated in methanol
three times. Size exclusion chromatography (SEC) was performed on a Waters Alliance
HPLC instrument using a refractive index detector and Agilent PLgel 5 ym MiniMIX-D
column at 35 °C with THF as the eluent. Dispersity index (P) was determined against
polystyrene calibration standards (Agilent Technologies). The PVMS molecular weight
was estimated from SEC, while the PAGE molecular weight was determined using 'H
NMR end-group analysis. Poly(1,2-butadiene) (PBD) with >95% 1,2 addition, M,, =
9.5kDa, and b= 1.04 was purchased from Polymer Source, Inc. and used without fur-
ther purification. '"H NMR spectra were collected on a Varian 600 MHz spectrometer in

CDCl; or DMSO-d6.

Synthesis of Imidazole-Functionalized Polymers. N-(2-(1HImidazol-1-yl) propyl)-
4-mercaptobutanamide (Im-SH) was synthesized as discussed in Chapter 2.[4] The
vinyl-containing polymers were fully functionalized by UV (365 nm) activated thiolene
click chemistry in methanol for PAGE or methanol/THF (20/80) for PBD and PVMS.

The resulting polymers (PAGE-Im, PBD-Im, and PVMS-Im) were purified either through
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dialysis in methanol (SnakeSkin dialysis tubing with a 3.5 kDa MW cutoff, and solvent
exchange every 12 h for a total of 5-7 times) or precipitation in acetonitrile, drying in
vacuo at 55°C in the presence of phosphorus pentoxide, and immediate transfer to a

nitrogen glovebox to mitigate moisture uptake.

Preparation of Metal Salt-Containing Polymers. Polymers were dissolved in
anhydrous methanol and drop-cast onto Teflon boats on a hot plate at 60°C in a
nitrogen atmosphere glovebox. Stock solutions (0.05M) of Li™ (Alfa Aesar), Cu*"
(Solvionic), and Zn?* (Solvionic) bis(trifluoromethylsulfonyl)imide (TFSI~) salts in
anhydrous methanol were added to the Teflon boats in appropriate amounts to reach
nominal metal cation-to-imidazole molar ratios, r, of 0.03, 0.08, and 0.12. Nominal
molar ratios for the PAGE-Im polymer were slightly lower, at 0.028, 0.073, and 0.11.
The samples were dried in vacuo at 60 °C overnight in a vacuum chamber in the glove-
box (1 x 10~2 Torr) and then at 60 °C for 5h in a high vacuum oven (4 x 10~8 Torr) to
ensure complete removal of solvent. The samples were then transferred into a nitrogen
glovebox for storage and measurement. The divalent salts caused uneven gelation and
precipitation of polymer, requiring further homogenization after drying by pressing the

samples between Teflon sheets in a hand press at 90 °C.

Thermal Characterization. Standard aluminum DSC pans were loaded with poly-
mer samples in a nitrogen glovebox. The samples were briefly exposed to air during
the sealing of the pans and then transferred directly into the DSC. The glass transition
temperature (7)) of each sample was measured using a PerkinElmer DSC 8000 on sec-
ond heating at 20 °Cmin~" at the midpoint of the step transition. The T, of the PAGE
and PVMS before functionalization were measured on a TA Instruments Q2000 DSC
on second heating at 20°Cmin~' using the midpoint method. The T, of PBD before

functionalization was taken from literature.[185] T, values are shown with error bars
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of £2.5°C, due to the expected uncertainty of the measurement technique.

Ionic Conductivity Characterization. Total ionic conductivity was measured as
a function of temperature on samples sandwiched between parallel ITO blocking elec-
trodes using electrochemical impedance spectroscopy (EIS). The ITO-coated glass elec-
trodes (Thin Film Devices) were cleaned by sonication for 5 min each in detergent, DI
water, acetone, and isopropyl alcohol, followed by a 5min UV/ozone treatment. The
electrode thicknesses were measured using a micrometer, after which a double-sided
Kapton tape spacer with a 1/8” hole was added to one electrode. Polymer samples
were loaded into the hole in the Kapton spacer in a nitrogen glovebox. Samples were
heated to about 30 °C above their T}, before being sealed with a second ITO electrode.
All samples were then heated to 110°C and pressed in a hand press. The final stack
thickness was measured using a micrometer, and the sample thickness was determined
by subtracting the electrode thicknesses. EIS was measured with a Biologic SP-200 po-
tentiostat using a sinusoidal 100 mV signal from 1 MHz to 1 Hz at temperatures ranging
from 30°C to 110°C. The data was converted into dielectric storage and loss, and the
ionic conductivities were determined from the real component of conductivity at the
maximum in tan(§).[118] Three samples were measured for each composition, with

errors reported as standard deviations from the mean.

Dielectric Constant Measurement. Dielectric constant measurements were per-
formed using a Biologic VSP-300 and parallel ITO blocking electrodes. ITO electrodes
were cleaned as mentioned above. Conductive copper tape was adhered to the back
(glass) side of each electrode, and silver paste was used to make contact between
the front ITO electrode and the copper tape. Two 1 mm x 6 mm double-sided Kapton
tape spacers were added to the electrode surface. Dielectric spectra were measured

inside a temperature-controlled INSTEC stage with a sinusoidal 100 mV voltage sig-
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nal from 1MHz to 100 Hz. For fluid samples (PVMS, PAGE, and PBD), the top ITO
electrode was sealed first, and the material was then added into the cell inside a ni-
trogen glovebox using capillary action. More viscous samples (PAGE-Im, PBD-Im, and
PVMS-Im) were spread onto the ITO electrode with Kapton spacers using a spatula,
heated on a hot plate inside a nitrogen glovebox to allow the sample to flow, and then
sealed with another ITO electrode. The static dielectric constant was extracted from
the frequency-dependent spectra at a frequency of 1 MHz and a temperature of —20 °C,
where all samples exhibited a phase of around —90° which indicates a purely capacitive

response.

X-ray Scattering. Polymer samples were loaded into metal washers in a nitrogen
glovebox and covered with Kapton tape to prevent moisture uptake during measure-
ment. X-ray scattering measurements were performed as a function of temperature at
the National Synchrotron Light Source II (NSLS-II, beamline 11-BM, Brookhaven Na-
tional Laboratory), with an X-ray energy of 13.5 keV, and at the Advanced Light Source
(ALS, beamline 7.3.3, Lawrence Berkeley National Laboratory), with an X-ray energy
of 10keV. Samples were equilibrated for 15 min at each temperature before collecting
exposures. Data processing, including detector distance calibration using a silver be-
henate standard, reduction of 2D raw SAXS images into 1D intensity versus g curves,
and corrections for empty cell scattering were performed using the Nika package for
Igor Pro for data taken at the ALS, and using the SciAnalysis software for NSLS-II

data.[186, 187]

Electron Paramagnetic Resonance. Pulse EPR experiments at Q-band (34 GHz)
were performed on an ELEXYS 580 Bruker spectrometer equipped with a liquid helium
cryostat from Oxford Inc. and a 300 W TWT amplifier. Samples were packed into

capillaries in a nitrogen glovebox, inserted into 3 mm EPR tubes, and sealed with a
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cap and parafilm to prevent moisture uptake. The samples were quenched from room
temperature to 20K for the EPR measurements; thus, the structure surrounding the

Cu?* is expected to be representative of the polymers at room temperature.

Electron-Spin-Echo (ESE) Detected EPR. The experiments were carried out with the
pulse sequence: 7/2 — 7 — 7 — 7 — echo, mw pulse lengths ¢, = 16ns and ¢, = 32ns,

and a 7 value of 150 ns were used.

Hyperfine Sublevel Correlation (HYSCORE). The experiments were carried out with
the pulse sequence 7/2 — 7 — /2 —t; — ® — ty — w/2 — 7 — echo. The parameters
were: mw pulses of lengths ¢,/, = t, = 16ns, starting times 40ns for ¢; and ¢, and
incremented by 6 ns. Spectra with a 7 value of 150 ns were recorded at 20K. A shot
repetition rate of 1.25kHz was used, and a 16-step phase cycle was used to remove
unwanted echoes. The time traces of the HYSCORE spectra were baseline corrected
with a third-order polynomial, apodized with a Hamming window, and zero filled. After
two dimensional Fourier transformation, the absolute value spectra were calculated.
EPR and HYSCORE spectra were simulated using the MATLAB Easyspin package using
the “saffron” function, with details provided in the Appendix.[188]

imidazole
Q

D .

backbone @

as\” ¢
) @ ®

Figure 4.2: Schematic of the molecular model for the metal salt-coordinating polymer.
The backbone monomeric species is shown as red, and the imidazole side chain block
is shown as blue, with polarizability volumes a4 and ap, respectively. Figure created
by Dr. Douglas Grzetic.
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Field-Theoretic Simulations. Our molecular model for the metal salt-coordinating
polymer is constructed out of two species of monomeric beads (denoted A and B)
and two small-molecule salt ion species (denoted + and — ). The A- and B-type
beads have equal statistical segment lengths b and are linked into continuous Gaus-
sian chains with a backbone of species A having degree of polymerization Ny, = 100,
with ng. = 19 equally spaced symmetric diblock side-chains each with lengths N,. =
2, and with the B block at the end of the side chain. The charge and bead densities
for all species are Gaussian-distributed with a characteristic radius of a = b/ V6. The
short end B-block of the side chains models the pendant imidazole, as indicated in the
schematic of this molecular model presented in Figure 4.2. The dielectric properties
of the polymer are incorporated using embedded Drude oscillators; this polarizable-
bead approach is amenable to the transformation to a statistical equilibrium field the-
ory as outlined in previous work by some of us.[189-192] The backbone monomer is
granted polarizability volume oY, which is a parameter that we adjust in this study
to control the backbone dielectric constant. For monomeric species B (the imidazole),

we set Oéz(,B)

= 0.5410%; we provide justification for this parameter choice in the Ap-
pendix. For simplicity, we restrict ourselves to monovalent, unpolarizable salt ions in
this work and fix the background (vacuum) Bjerrum length to léo) = 32.50 and the av-
erage density of the system to py = 7.35b~3, following previous work.[192] We model
the metal—ligand interaction phenomenologically using a Flory interaction parameter
xB+ = —20 between species B and the cation, a common approach in models of salt-
polymer complexation.[42, 193, 194] We also include short-range repulsions for all
beads via an excluded volume parameter 3, = p,* = 0.136b> which sets a weak sys-
tem compressibility, and Flory parameters y4z = x;_ = 0.2 between species A and B,

and between the cations and anions (in addition to full electrostatic interactions). Fur-

ther details on the model and parameter choices are discussed in the Appendix. Using
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standard techniques, the field-theoretic canonical partition function takes the form

Z = 7, / D{w}Dgpe Hiw}9l 4.1)

where the {w} is a set of fluctuating chemical potential and pressure fields that mediate
the contact (nonelectrostatic) interactions, and ¢ is a fluctuating electrostatic potential
field, which mediates the ion-ion, ion-dipole, and dipole-dipole interactions in the sys-

tem.

Traditional simplifying (e.g., mean-field) approximations to polymer field theories
are typically not appropriate for charged systems due to the importance of electrostatic
field fluctuations and charge correlations. Our interest in ion aggregation in this work
makes it particularly critical to capture the effect of charge correlations. The complex
Langevin sampling technique allows us to perform field-theoretic simulations (FTS) of
the model described above without any approximations. The details of the approach

are well described in the literature.[195-198]

4.4 Results and Discussion

The goal of this study is to ascertain the impact of polymer backbone polarity on
ionic conductivities of both mono and multivalent metal ions. A modular synthetic
strategy was employed based on thiol-ene click chemistry which allows the polymer
backbone to be altered while keeping the solvating unit, in this case, imidazole, con-
stant for all polymers (see Figure 4.3). This requires a set of polymer backbones which
have pendant vinyl functional handles. Thus, PAGE, 1,2-PBD, and PVMS were chosen,

as they all have vinyl pendant groups on every monomer. These backbones have vary-
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Polymers BB® M, BBD BB di- Functionalized BB Tg (°C)/  Functionalized

(kDa) electric  dielectric Tg (°C)/
constant® constant®
PAGE-Im 8.1° 1.17¢ 6.0 9.4 —73+2.5 —1542.5
PVMS-Im 29.5¢ 1.23¢ 2.9 4.7 —1154+2.5 —842.5
PBD-Im 9.5 1.04 2.3 3.7 —2042.5[185]942.5

Table 4.1: Properties of the polymers in this study. BB denotes ‘backbone’. ® M,

measured using NMR end-group analysis. ¢ M,, measured via GPC with PS standard.

4 Pmeasured using GPF with PS standard. ¢ Dielectric constants measured at —20 °C

at a frequency of 1 MHz. /T, measured using DSC upon second heating.
ing dielectric constants and 7}’s (see Table 5.1), both of which are expected to affect
salt dissociation and ionic conductivity. The larger molecular weight of the PVMS poly-
mer compared to the PAGE or PBD is not expected to impact the results, since polymer
properties such as conductivity and 7, plateau at high molecular weights.[143] PAGE
has the highest dielectric constant, at 6.0, while PBD has the lowest dielectric constant
at 2.3. Functionalization with the imidazole ligand increases both the dielectric con-
stant and 7, of each polymer, with the largest effect on 7}, for the siloxane backbone. We
also note that the imidazole-thiol chosen for functionalization incorporates an amide
group, which likely plays a role in modifying the dielectric environment and interact-

ing with cations. However, since this functional group combination is present in all

polymer samples, its effect is intrinsically included in the experimental measurements.

Salt addition increases 7T, for all polymer systems as shown in Figure 4.4. Small
amounts of salt result in similar 7, changes for both the monovalent LiTFSI as well as
divalent Zn(TFSI), and Cu(TFSI),, while at larger salt concentrations, the 7}, for the
divalent salts increases more significantly than for the monovalent one. This is likely
due to the dynamic cross-linking which results upon metal coordination within these
polymers.[4] The similar behavior for all three backbone identities suggests metal—ligand

interactions between the pendant imidazole and the salt dominate the 7}, trend.[5]
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Figure 4.3: Synthesis of Imidazole-Functionalized Polymers Proceeds via UV-Activated
Thiol-ene Click Chemistry in Methanol for PAGE or Methanol/THF (20/80) Mixtures
for PVMS and PBD
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Figure 4.4: Electrolyte glass transition temperature, 7, (°C) as a function of salt
concentration given in molar ratio of metal cation to imidazole ligand (r) for the
three polymer systems studied. 7, increases with salt concentration due to dynamic
cross-linking interactions between the polymer and the cations. Error bars show un-
certainty of +2.5 °C.
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Figure 4.5: X-ray scattering profiles for the (a) PAGE-Im, (b) PVMS-Im, and (c) PB-
D-Im polymers as a function of salt identity and concentration. Peaks in the scattering
profile indicate ion aggregation.
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While the 7}, behavior is similar for all three polymers, X-ray scattering analysis
shows varying amounts of ion clustering or aggregation dependent on the polymer
backbone polarity. X-ray scattering profiles taken at 25°C for a narrow g-range are
shown in Figure 4.5. All three polymer precursors show no correlation peak in the
g-range of interest; upon addition of varying concentrations of metal salts, a corre-
lation peak appears for some polymers around 0.15 A=1 to 0.3A! (4nm to 2nm).
These distances are on the same order of magnitude for separation expected for evenly
distributed cations/anions at the low salt concentrations probed in this study (see Ta-
ble 4.3). However, since the peaks do not shift to higher q (smaller distances) with
increasing salt concentration, it is likely that the correlation peak corresponds to spac-
ings between domains of high salt density (i.e., ion aggregation), rather than distances
between individual ions. Further evidence for this assignment will be provided with
the EPR analysis below. For the PAGE-Im and PVMS-Im polymers, this correlation peak
is only visible at a higher salt concentration of r = 0.12, while the PBD-Im polymer

exhibits ion aggregation even at the lowest salt concentration of r = 0.03.

The intensity of the peaks changes as a function of both backbone identity and metal
salt identity. Samples containing Zn(TFSI), have the strongest ion aggregation peaks,
followed by Cu(TFSI),. X-ray scattering shows correlation lengths due to differences
in electron contrast but does not provide information as to the identity of the species
providing that contrast. Thus, it is unclear whether the weaker scattering seen for
polymers containing LiTFSI is due to the monovalent nature of Li* or the much weaker
scattering power of Lit compared to those of Zn?>* and Cu®*. Nevertheless, clear sig-
natures of aggregation in the LiTFSI-containing PBD-Im polymer are observed at a Li*
to imidazole ratio of » = 0.12. It is expected that the lower polarity of the PBD back-

bone in PBD-Im results in the enhanced ion aggregation in this polymer compared with

100



The Role of Backbone Polarity on Aggregation and Conduction of lons in Polymer Electrolytes
Chapter 4

those of the PVMS or PAGE systems. The effect of temperature on ion aggregation was
also probed, showing a slight decrease in peak intensity with increasing temperature.
This suggests the aggregates become slightly more diffuse as temperature increases but

remain present through the entire temperature range of interest.
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Figure 4.6: Ionic conductivity is relatively invariant with polymer backbone and salt
identity when normalized by the T}, of each system, suggesting ion aggregation plays
a minimal role in affecting conductivity.

Surprisingly, while the three polymers show dramatic differences in ion aggregation
as probed via X-ray scattering, these effects are not manifested in the ionic conductivity
behavior. Figure 4.6 shows the ionic conductivity plotted as a function of salt concen-
tration for all the polymers studied, at a temperature 60 °C above the glass transition
temperature for each system. This representation removes effects of changes in 7}, with
polymer identity, salt identity, or salt concentration which were discussed previously
(see Figure 4.4). A temperature of 60 °C above 7, was chosen because this temperature

ranged from 49 °C to 110°C for the various samples, which was directly measurable.
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Ion aggregation was visible in the X-ray scattering data throughout this temperature
range. No clear trend in conductivity exists as a function of polymer backbone or salt
identity. Since the PAGE-Im backbone exhibited the least ion aggregation, especially
for the LiTFSI salt, one might have expected the highest conductivities for this sys-
tem. However, the PBD-Im and PVMS-Im polymers show comparable conductivities
for all salts at all concentrations. This suggests that ion aggregation, as measured via
X-ray scattering, does not significantly affect conductivity behavior. Instead, as Figure
4.7, which plots ionic conductivity at an absolute temperature of 60 °C for each sys-
tem, shows, the glass transition temperature is the strongest indicator for conductivity

performance in these systems.
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Figure 4.7: Ionic conductivity as a function of salt content at a constant temperature
of 60°C. Conductivity decreases with increasing salt content due to an increase in
T,. This is especially stark for the PBD backbone due to the proximity to 7}, which
reaches 50 °C for the PBD-Im Cu?* r = 0.12 sample.

Understanding how the backbone identity affects the ion aggregate microstructure
and ion-ion correlations without significantly impacting ionic conductivity requires us

to investigate the nature of the microstructure and correlations in these systems. To
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this end, we turn to electron paramagnetic resonance (EPR) to probe local ion envi-
ronments and field-theoretic simulations to identify ion aggregation morphology and

characteristics.

While X-ray scattering shows bulk changes in ion aggregation as a function of poly-
mer identity, EPR can be used to identify local changes in the environment of param-
agnetic metals. Here, we exploited the EPR properties of Cu?* with an electron con-
figuration of d°, and hence, one unpaired electron in its d-orbital. The copper nucleus
itself has two magnetically active isotopes (*3Cu 69.13%; ®Cu 30.83%) with nuclear
spin I = 3/2, thus resulting in hyperfine interactions between the electron and the nu-
clear spins. The strong spin-orbit coupling and electron-ligand field interactions give
rise to significant anisotropy of the g and hyperfine values, both of which are sensitive
to the local environment of the Cu?*. Thus, Cu®" was used as a local probe to identify
whether the environment around the metal atom is affected by the polymer backbone.
Since the largest changes in ion aggregation were observed for the PAGE-Im and PBD-
Im polymers, these two systems were chosen for the EPR study. A concentration of
r = 0.03 was used to probe systems where the ion aggregation as probed via X-ray scat-
tering differed between the two polymers, with the PAGE-Im polymer showing no ion

aggregation but the PBD-Im polymer exhibiting signs of ion aggregation.

Field-Swept Echo (FSE) spectra acquired for PAGE-Im Cu?>" and PBD-Im Cu?" at
20K, shown in Figure 4.8a, indicate the presence of local ion-ion interactions in both
polymers. While the axial Cu?* lineshapes for each of the backbones show subtle differ-
ences, both display significant broadening contributions. The spectra show an envelope
of the different orientations of the Cu®" spins. Simulation of the line shape allows us to
model the differences in interactions that result from differences in structural nuances

between the two backbones (Figure 4.8b). The EPR parameters extracted from the
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Figure 4.8: (a) FSE of the two polymers with different backbones, recorded at 20K.
(b) Comparison of experimental (solid/dashed lines) and simulated spectra (dotted
lines) for each polymer. PBD spectra are shifted vertically for clarity. Experimental
(black) and simulated (blue) HYSCORE spectra of (c) Cu-PAGE-Im and (d) Cu-PB-

D-Im at the maximum observer field position at 20 K. Data collected and analyzed by
Tarnuma Tabassum.
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simulations are summarized in Table 4.2. The lineshapes for the PBD-Im and PAGE-Im
can only be simulated considering a two-component system of (i) resolved, isolated,
Cu?* ions with an axially elongated tetragonal ligand field (g9 > ¢.) and (ii) a broad,
unresolved component, corresponding to clusters of ions, hinting toward ion aggrega-
tion even at such low concentrations (Appendix, Figure 4.12). The broad component
accounts for a significant proportion of EPR active species within the spectrum (~75%)
for both polymers. Dipolar coupling is expected to occur in EPR when the Cu®** are
within about 1.5nm from each other.[199, 200] A minimum Cu?* concentration for
dipolar interaction without aggregation can be calculated, assuming dipolar broaden-
ing occurs at separation distances below 15 A and between evenly spaced random close
packed Cu2* ions. This corresponds to a Cu?" density of around one Cu?" per 170 A3
(see Appendix for calculation). Meanwhile, a molar ratio of r = 0.03 as probed here
corresponds to a Cu?" concentration of around one Cu?" per 2nm? (see Appendix for
calculation). The contribution of 75% EPR active species to a broadened signal is signif-
icantly higher than would be expected from a random distribution of Cu** ions within
the polymer, suggesting that the broad signal indeed comes from aggregated Cu?".
While we are unable to see ion aggregation peaks for such concentrations of Cu®"
on the X-ray scattering profiles for the PAGE backbone, X-ray scattering only detects
correlations between aggregate clusters rather than between individual ions within an
aggregate. In contrast, EPR provides a more sensitive local probe suggesting that mul-
tiple Cu** ions are in close proximity in both backbones, regardless of whether larger
scale clustering of ion aggregates occurs or not. Experimentally derived g and g, val-
ues listed in Table 4.2 are typical of Cu?*"-imidazole systems, hinting toward binding of
the Cu?* and imidazole ligand in both polymers. Strikingly, the hyperfine interactions,
both A and A, between the unpaired electron and the copper nuclei are larger than

generally observed values for Cu®"-imidazole systems (A4 = 426 MHz to 615 MHz and
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g (£0.005) g, (£0.005) A;(x10) A, (*10) %

(MHz) (MHz)
PAGE-Im Cu?*t (I) 2.245 2.045 616 112 25
PAGE-Im Cu?t (II) 2.245 2.045 - - 75
PBD-Im Cu?t (1) 2.250 2.050 686 224 25
PBD-Im Cu?*t (I) 2.250 2.050 - - 75

Table 4.2: Experimentally derived g and A parameters and contributions from narrow

and broad components for both polymer backbones.
A, = 39MHz to 50 MHz).[201] The stronger hyperfine interactions suggest greater
elongation along both the z-axis and the x-y plane, possibly due to increased steric
hindrance from the imidazole tethered to a polymer backbone. The PBD backbone in
fact shows even greater hyperfine coupling for both hyperfine components, indicating
that the identity of the backbone alters the local environment of the Cu?* metal ion
itself. This can be correlated with the backbone’s lower polarity, consequently resulting
in greater distortion of the environment of the Cu?*, leading to the observance of the

ion aggregation peak in the X-ray scattering profile.

Lineshape analysis of the Cu®" spectra revealed signatures of the local environ-
ment of Cu?*. However, to probe the interactions between the Cu?* center with the
polymer sidechains and the effect of the backbone, we can rely on resolving hyperfine
interactions to the “N nuclei. The question is whether there is differential interaction
between Cu?" and '“N when the backbone is altered. In the field-swept echo (FSE)
spectra for both polymers, the hyperfine coupling between Cu?* and !N is hidden
within the larger hyperfine interactions between the unpaired electron spins of Cu?*
and the %Cu or %°Cu nuclear spins and hence not resolved. To closely inspect differ-
ences in interaction between Cu?* and imidazole, we used two-dimensional hyperfine
sublevel correlation (HYSCORE) spectroscopy, a well-established technique that pro-

vides correlations between nuclear frequencies of different spin manifolds that interact

106



The Role of Backbone Polarity on Aggregation and Conduction of lons in Polymer Electrolytes
Chapter 4

with the unpaired electron.[202] The representative HYSCORE spectra collected for
the two backbone polymers (Figure 4.8c,d) show direct interaction of Cu?* and “N
on the imidazole ligand, as expected. The presence of characteristic dq cross-peaks at
approximately [5.05, 9.10] MHz and [9.10, 5.05] MHz in the strong coupling regime

(A > 22) shows direct coordination of N species to the unpaired electrons in Cu?"

in both polymer backbones. In addition, a broad anisotropic peak appears in the lower
frequency regime centered around [3.6, 3.6] MHz for PAGE-Im Cu?*, but not for PDB-

Im Cu®*.

Simulations of the HYSCORE data and estimation of the “N parameters suggest
slight differences in Cu?*-imidazole environments between the two backbones. While
a single component was successfully fit to the PBD-Im spectra, a second “N component
was required to produce a reasonable fit for the PAGE-Im Cu?" system (Table 4.4). This
second component still corresponds to an imidazole ligand (see Appendix) but shows
slightly less electron delocalization and slightly higher symmetry. Overall, for the PAGE
backbone, the EPR analysis suggests that the coordination environment of imidazole
bound ligands is more heterogeneous due to the presence of different *N imidazole
species, which coordinate to the Cu®" center differently. We cannot exclude the possi-
bility of an interaction between the Cu?* with the ether oxygens of the backbone in this
polymer. 'O has a nuclear spin / = 0 and therefore cannot be detected by hyperfine
techniques. This would result in a decreased interaction with the imidazole ligand. It
should also be noted that cross-suppression of peaks is an effect in HYSCORE, where
strongly coupled nuclei can suppress weaker couplings with other nuclei.[203] In other
words, interactions with weakly coupled N in the amide linkages of the side chains

may be suppressed due to stronger interactions between Cu?* and the imidazole.

The EPR results suggest both polymer backbones exhibit local Cu?*-Cu®" interac-
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tions, but differ in their Cu**-imidazole interactions. The general similarity in local
ion-ion interactions is perhaps surprising given the difference observed in extent of
aggregation according to X-ray scattering and in backbone polarity. However, both
polymers have generally low dielectric constants and could be expected to promote ion
clustering at a local level, as detected by FSE EPR. The HYSCORE data indicates some
inhomogeneity of Cu?*-imidazole interactions in the two backbone systems; changes
in solvation behavior, which may impact ion screening, might result in more diffuse
ion aggregation which is not detected in X-ray scattering because of the breadth of
any resulting peak. Importantly, while EPR confirms the presence of ion aggregates
in both polymers, it gives no indication of the morphology or connectivity of the ion

aggregates, which likely also plays a large role in ionic conductivity behavior.

Field theoretic simulations examine not only the ion-ion correlations but also visu-
alize the ion densities and thus infer structural information directly. Within our statisti-
cal field theory approach, we cannot probe instantaneous density configurations, since
instantaneous density field operators are complex-valued. Instead, structures are ex-
tracted from time-averages over a finite sampling interval for which the averages of the
imaginary parts of the field operators have diminished. The choice of sampling interval
is a balance between inaccurate structures at too small averaging windows and total
loss of structure for too large windows as the full configuration space for the system

(including the ion aggregates) is explored.

An examination of the ion-ion correlations in field-theoretic simulations of the
model reveals the presence of a correlation peak, a well-known signature of ion ag-
gregation, consistent with both the X-ray scattering and EPR results above. Figure 4.9
shows the cation-cation structure factor from FTS for a range of salt-loading and for

low and high backbone dielectric constants (referred to as PBD-Im-like and PAGE-Im-
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Figure 4.9: Cation-cation structure factor profiles from simulations of the field-the-
oretic model for (a) PAGE-Im-like and (b) PBD-Im-like polymers for a range of salt
concentrations (r = 0.026 to 0.12). The points are raw data from field-theoretic sim-
ulations, and the lines are visual guides generated via a nonlinear curve fit of the raw
data. Simulations performed by Dr. Douglas Grzetic.
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like polymers). A peak in the ion-ion structure factor emerges for high salt-loading
(r > 0.026), significantly stronger for a low backbone dielectric constant (¢ = 2) than
for a high dielectric constant (¢ = 10). No peak is observed for the low salt-loading
cases, in agreement with the trends seen via X-ray scattering of the lithium salt-doped
systems. The peak in FTS occurs at a wavevector ¢* ~ 0.5a~', which may be con-
verted to units of A~! by estimating the statistical segment length b ~ 0.5nm to give
¢* ~ 0.25A71, in good agreement with the positions of the experimentally observed
scattering peaks (Figure 4.10). However, the peak is significantly broader than that
seen in the X-ray scattering; we attribute this to the coarse-grained nature of our model,
which produces weaker ion-ion correlations due to the soft (Gaussian) nature of the

ions.
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Figure 4.10: Comparison of experimental X-ray scattering data with FTS cation-cation
structure factors for (a) the PAGE-Im polymer and (b) the PBD-Im polymer mixed with
LiTFSI. Experimental and simulation data have been scaled vertically for comparison.
Peak maxima are indicated by a *. Simulations performed by Dr. Douglas Grzetic.
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The cation-cation structure factors in Figure 4.9 establish that the field-theoretic
model exhibits ion correlations that are consistent with the X-ray scattering results, as
shown more clearly in Figure 4.10: the dependence of structure factors on backbone
dielectric constant and salt concentration are in qualitative agreement, and the location
of the correlation peak is in quantitative agreement for the PBD-Im polymer. The tem-
porally averaged cation densities from field-theoretic simulations are shown in Figure
4.11a for r = 0.105, for which the structure factor profiles in Figure 4.9 indicate signif-
icant differences in the extent of ion aggregation for the PAGE-Im-like and PBD-Im-like
polymers. Visually, the difference between the cation densities for those cases does not
appear to be so great, but the histograms of the cation density reveal a measurable
difference. Although for strongly segregated ion channels a bimodal ion density distri-
bution is expected, due to high ion concentration in the ion channels and concomitant
low ion concentration in the surrounding matrix, in Figure 4.11a, the cation density
is distributed unimodally for both cases. This indicates that when averaging over the
rearranging ion aggregates, the resulting ion structure can be understood as fluctua-
tions about the bulk ion density, with a characteristic length-scale and a magnitude
that depends on the length of the averaging window used. There is a dependence of
the magnitude of these fluctuations on the polymer identity (i.e., backbone polarity);
that is, the magnitude of the fluctuations is stronger for the PBD-Im-like (low polarity)
polymer than for the PAGE-Im-like (high polarity) polymer, as can be seen in the width
of the cation density distributions of Figure 4.11a. This is a manifestation of the same
ion aggregation effects that produce the difference in the structure factors in Figure

4.9.

A rudimentary percolation analysis of the averaged ion morphologies reveals that

any differences in the magnitude of the ion density in these channels, due to the differ-
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Figure 4.11: (a) Histograms of the thermally averaged cation density from FTS for
the r = 0.105 cases. (b) Ion channels, identified by the criterion ¢ (r) >< ¢, >,
form a percolating network for both polymers. Simulations performed by Dr. Douglas
Grzetic.
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ence in polymer backbone polarity, is not sufficient to lead to a substantial difference
in their percolation properties. We identify “ion channels” as those for which the cation
volume fraction ¢, (r) is greater than its bulk value (in this case, r = 0.105 corresponds
to < ¢, >= 0.014). The resulting channels, which are visualized in Figure 4.11b, are
analyzed to determine whether or not they percolate through the simulation box. In
all directions, the channels, as defined by the threshold value ¢, ~ 0.014, form a com-
pletely percolating network; that is, the ratio of the volume of percolating ion channels
to the total volume of ion channels is greater than 0.99. Since the ionic conductiv-
ity stems from both cation and anion contributions, it is relevant to confirm that the
anion-anion structure factor likewise shows behavior similar to the cation-cation struc-
ture factor. Indeed, as can be seen in Figure 4.13 in the Appendix, the anion structure

factor and percolation behavior are the same as those for the cation.

These results indicate that it is possible for changes in backbone dielectric properties
to affect ion aggregation, in a way that would produce differences in the scattering
profiles but would not produce differences in the percolation properties of the ion
channels/network, and thus might not correlate with the ionic conductivity, as was

seen in Figure 4.6.

4.5 Conclusion

Ionic conductivity in a series of imidazole-tethered graft polymers has been shown
to be insensitive to backbone polarity, despite the extent of ion aggregation being
greater in the systems with less polar backbones. EPR results reveal that low concentra-
tions of Cu(TFSI), in the butadiene and ether-based polymers show similar Cu?**-Cu*"

local interactions, indicating that local ion-ion interactions may still be prevalent in all
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samples even when not visible in X-ray scattering. Field-theoretic simulations suggest
ionic aggregates in both the low and high-dielectric backbone systems are percolated,
despite a dependence of the extent of ion aggregation on the backbone dielectric con-
stant, further supporting the similar conductivity performance in these systems when
normalized by 7,. These results underscore that ion aggregation is not necessarily
detrimental to ionic conductivity, especially in systems where such aggregates form
percolating domains with high local mobility. The results emphasize the much larger
experimental synthetic space, such as focusing on low 7, and non-interacting back-
bones, that may be accessible in the search for higher performance ion-conducting

polymers, than was previously considered viable.

4.6 Appendix

4.6.1 X-ray Scattering Characterization

Separation distance for evenly dispersed ions.

For a molar ratio of Li", Cu**, or Zn?" to imidazole of r» = 0.03, and assuming

3

a polymer density of around 1gcm ™, and a monomer molar mass of 341.5 g/mol

(PAGE-Im), we calculate a concentration of M** in the polymer as follows (‘imid’ =

imidazole):
1lg y em? 1mol polym  1mol imid y 0.03mol M** y 6.02 x 10* dons 0.05 M+
em? 1021 nm? 341.5¢ Imol polym — 1mol imid lmol M=+ 7 nm?3
(4.2)

This corresponds to one metal ion in 20nm?, or an average separation distance of

20'3nm or 2.7 nm. A similar calculation can be performed for the other salt concen-
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Polymer r =0.03 r=0.08 r=0.12
PAGE-Im 2.7 nm 1.9 nm 1.7 nm
PVMS-Im 2.6 nm 1.9 nm 1.6 nm
PBD-Im 2.5 nm 1.8 nm 1.6 nm

Table 4.3: Approximate cation separation distances expected for evenly dispersed
ions for the three polymers and three concentrations studied.

trations and polymers, with the results listed in Table 4.3 below.

4.6.2 Electron Paramagnetic Resonance

Field-Swept Echo (FSE)

The FSE spectra for PBD-Im and PAGE-Im were simulated with two components: i)
resolved, isolated, Cu®* ions with an axially elongated tetragonal ligand field (g;>g¢.)

and ii) a very broad, unresolved component.
Cu?* calculations for dipolar broadening.

A minimum concentration of Cu?* ions that would cause dipolar broadening even in
the absence of aggregation can be calculated assuming random close packing of Cu®*
spheres where the diameter of the Cu®>" sphere is the maximum separation distance
that would cause dipolar broadening. Estimating this distance as d = 15 A provides an

easy baseline. Then, the volume of a Cu®* sphere is V¢, = 37 (%)2 = 235.6 A3

The packing density for a randomly close packed system of spheres is around 62.5%);
thus, the total volume associated with a single Cu?* ion (occupied volume and free

volume) is Viotas = Veu X gog = 377 A3

Thus, there must be at least one Cu?* in a volume of 377 A3 to observe dipolar

broadening without ion aggregation. For a molar ratio of Cu?* to imidazole of » = 0.03,
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Figure 4.12: FSE spectra of a) PBD-Im Cu?" and b) PAGE-Im Cu?* and the individ-
ual spectral contributions from the narrow (isolated) and broad (aggregated) compo-
nents. Data collected and analyzed by Tarnuma Tabassum.
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and assuming a polymer density of around 1gcm—3, and a monomer molar mass of

341.5 g/mol (PAGE-Im), we calculate a concentration of Cu** in the polymer as fol-

lows:
lg cem3 1mol polymer 1mol imidazole 0.03mol Cu*t 6.02x1023 jons __ O 05 Cu*t __
cm3 1021 nm3 341.5g 1mol polymer 1mol imidazole 1mol M=+ — ** nm3
Cu?t
0.02 0.377nm3

Thus, there is a much lower Cu?* concentration in the polymer than what would be

required to reach dipolar broadening without ion aggregation.
Hyperfine Sublevel Correlation Spectroscopy (HYSCORE)

Two-dimensional hyperfine sublevel correlation (HYSCORE) spectroscopy is a well-
established technique that provides correlations between nuclear frequencies of differ-
ent spin manifolds that interact with the unpaired electron.[202] In other words, it
shows the NMR transitions of magnetically active nuclei interacting with the electron
spin. The N nucleus is magnetically active, having a nuclear spin I = 1, in principle
should result in six nuclear transitions if it interacts with an unpaired electron, three
from each electron spin manifold, m, = +1. For a disordered system such as PAGE-Im
and PBD-Im, we expect complicated spectra, with large anisotropy leading to broad-
ened peaks on the HYSCORE spectrum. These peaks contain information about the
strength and nature of the hyperfine interaction between the unpaired spin in the Cu?*
nucleus and '*N. The hyperfine interaction consists of two components, a;s, and 7. a;,
the isotropic hyperfine coupling, is the Fermi contact term, which measures the spin
density on the nucleus; while 7', the dipolar coupling term, is inversely proportional to
the distance between the electron and the nuclear spins (7" 7%3). In addition, since "N
is a spin > % (I=1) nucleus, it has a quadrupole moment that interacts with the elec-

tric field gradient (EFG) around the nucleus. The EFG tensor consists of 3 components.
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Polymer a;so0 MHz) T (MHz) K 17 B(°)
PBD-Im Cu** 2 0.15 1.8 0.8 80
PAGE-Im Cu**(I) 1.5 0.2 1.5 08 O
PAGE-Im Cu?t (II) 2 0.15 1.8 0.8 80

Table 4.4: Estimated '*N HYSCORE parameters from simulations of experimental data

This EFG tensor can be fully described using two parameters, the nuclear quadrupole
coupling constant, K = e%q..Q/h, where e is the charge of the electron and @ is the
nuclear electric quadrupole moment of the “N nucleus, and the asymmetry parameter,
n. K measures the strength of interaction between the nuclear quadrupole moment
and the EFG at the nucleus due to anisotropic distribution of charges. On the other
hand, n measures the deviation of the distribution of charges from axial symmetry. K
and 7, along with a;,,, are used as signatures to identify the chemical environment
around the “N nucleus, allowing its characterization. Extensive studies on Cu?* and
its interactions with the remote “N of the imidazole have allowed the elucidation of
characteristic parameters for these systems.[204-208] Q-Band frequencies (35 GHz)
were chosen in these experiments because the HYSCORE spectra are greatly simplified

and only exhibit a single pair of cross-peaks of the v,, transitions.[209]

The experimental parameters, such as magnetic field, excitation frequency, num-
ber of points, dwell time, pulse width, and pulse delay, were taken directly from the
HYSCORE experiments. Simulations of the spectra were iteratively done until a set of
parameters was obtained that could reproduce the general features of the experimental
spectra. The fit was performed using one type of N species, where each of the five
parameters (a;s, 1, K, n and ) were varied until a reasonable fit was observed for
PBD-Im Cu?* and fell within expected values for imidazole ligands (Table 4.4). The
estimated a;,, value of 2 MHz corresponds to an unpaired spin density in the N 2s

orbital of ~ 1x 1072 arising from the coordination of the imidazole ligand. The dipolar
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coupling term is not dominant for imidazole “N (0.15MHz), while the K and 7 terms
equal 1.8 MHz and 0.8 respectively. On the other hand, spectra for PAGE-Im Cu?*
could not be reproduced with the same parameters, especially at the low frequency
region. Another “N component was therefore introduced to obtain a reasonable fit be-
tween the experimental and simulated spectra. The estimated parameters for this 14N
component also fall within the range of values that correspond to imidazole ligands,
albeit with smaller a;,, (1.5MHz) and K (1.5MHz) values. The a;,, value describes
the delocalization of electrons in the imidazole ring, therefore hinting towards slightly
less delocalization for one of the imidazole environments. In addition, the K value is
also smaller, suggesting a more symmetric environment. Finally, the orientation of this
second imidazole, obtained from the Euler angle of the nuclear quadrupole tensor is
almost perpendicular to that of the first. The principal axes system (PAS) specific to
a molecule is used as the molecular frame reference. The PAS for Cu-imidazole com-
plexes is typically the g parallel axis/symmetry axis. An estimation of the orientation
of the hyperfine and the quadrupole coupling tensor (from the '*N of the imidazole)
can be found from the Euler angle («, 3, v) because that angle can be thought of as
a rotation angle to the molecular frame reference. In these simulations, the hyperfine
angles did not significantly change the spectrum. However, varying the ( angle of the

quadrupole tensor played a role in the appearance of the peaks.

4.6.3 Field-theoretic (complex Langevin) simulations

Species polarizabilities in field-theoretic simulations

In our field-theoretic model, bead species A is either PBD-like or PAGE-like and
species B is imidazole-like (Im-like). The PBD and PAGE backbones in the experimental

section of this work have measured dielectric constants of eppp = 2.3 and epagr = 6.0,
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as reported in Table 5.1. The dielectric constant of liquid 1-methylimidazole (Melm)
has been reported to be as large as ey, ~40.[210] We note that fluid dielectric
constants are typically sensitive to temperature, pressure, and other variables such as
chain connectivity and addition of salt, so we do not attempt to achieve quantitative
agreement with literature or reported values. Rather, we grant these beads molecular
polarizabilities such that they have qualitatively correct emergent dielectric properties:
most importantly, that eppp_iike < €pAGE—tike < €1m—_1ike fOr pure fluid phases of the re-
spective bead types, and that the dielectric constants have a reasonable magnitude
when compared to the above reported and measured values. To estimate the emergent
dielectric properties of the beads in our model, we can use the mean-field expression

for the dielectric constant in the polarizable field theory

evr = 1+ 4mpoay, (4.3)

where «,, is the polarizability volume. We note that the true dielectric constant in field-
theoretic simulations (FTS) will differ somewhat from the above mean-field expression,
due to correlation effects that mean-field theory does not capture. In this work we use
alBD=like — (01103, ofAGE=like = 0.108b%, and o™~k = (0.541b%. The pure-fluid

dielectric constants, which correspond to the dielectric function at k=0, are roughly

€PBD—like = 2, €PAGE-like ~ 10, and €, _ire ~ 47.
Anion-anion structure factor

Figure 4.13 shows the comparison between the anion-anion structure factor and

cation-cation structure factor for the PBD-like polymer.

120



The Role of Backbone Polarity on Aggregation and Conduction of lons in Polymer Electrolytes
Chapter 4

d (Rg)
(a) 20|5 |2 |1 0;5
PBD-like, r = 0.08, cation
PBD-like, r= 0.08, anion
16 —
‘o 12 4
% W\,
s |
o 8 '
4+ _

Figure 4.13: (a) Cation-cation and anion-anion structure factors show similar be-
havior with a peak indicating ion aggregation. (b) Ion channels, identified by the
criterion ¢4 (r) >< ¢+ >~ 0.014, form a percolating network for both cations and
anions. Simulations performed by Dr. Douglas Grzetic.
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Chapter 5

Optimum in Ligand Density for

Conductivity in Polymer Electrolytes

5.1 Abstract

Current design rules for ion conducting polymers suggest that fast segmental dy-
namics and high solvation site density are important for high performance. In this
study, we explore the interplay between solvation site density, segmental dynamics,
and ionic conductivity in a family of imidazole side chain grafted siloxane polymer elec-
trolytes containing LiTFSI. By replacing the imidazole side chains with non-solvating
ethane or bulky phenyl groups, the effects of solvation site density and polymer seg-
mental dynamics were deconvoluted. Lowering the imidazole content in the ethane-
imidazole series leads to a 10-fold increase in conductivity, while conductivity decreases
for the phenyl-imidazole series due to differences in steric bulk. Normalizing conductiv-
ity by T, reveals a threshold ligand density above which increased solvation sites do not
improve conductivity, but below which the conduction gradually decreases. NMR spec-
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troscopy shows the high temperature Li* transference number increases slightly with
increasing grafting density, from around 0.17 to 0.27. NMR 7, relaxation reveals that
the Li* ions are present in two environments with distinct dynamics within the poly-
mer, matching X-ray scattering and PFG results which suggest ion aggregation exists in
these polymers. These results emphasize the importance of local re-arrangements in
facilitating ion transport at low solvation site density, confirming the role of dynamimc
percolation, and suggest that an optimum ligand density exists for improved charge

transport.

5.2 Introduction

Ion-conducting polymers have been proposed as safe, mechanically robust and
electrochemically stable alternatives to organic liquid electrolytes for energy storage
devices.[26, 27] Critically, while polymers have many advantages over their liquid
counterparts, they continue to suffer from low ionic conductivity.[2] Polymers form
a relatively translationally-immobile matrix compared to liquids, requiring design rules

emphasizing labile ion-solvation interactions.[5, 211, 212]

To dissolve and conduct ions, polymers must contain solvation groups which in-
teract favorably with ions to promote their dissociation, without immobilizing the
ions within the polymer framework. The competition between effective salt dissolu-
tion and labile ion-polymer interactions results in necessary tradeoffs in electrolyte
design and performance. For example, both intermediate polymer polarity[170] and
salt concentration[4, 11, 213] seem to provide maximum conductivity performance
due to the complex interplay between ion-polymer interactions, segmental dynamics,

and ion mobility. Most polymer electrolytes contain at least two mobile ions, the cation
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and anion, which both contribute to the total conductivity. Salt dissolution is gener-
ally achieved by coordination with the cationic species. For cation motion, these same
coordination sites must be dynamic and allow the ion to hop through the matrix by
breaking and reforming coordination bonds on a reasonable timescale. Anions typically
interact less strongly with the polymer, but still rely on free volume or local polymer
re-arrangement, which is in turn generally coupled to cation-polymer interactions since
these interactions dynamically cross-link the polymer matrix and result in increases in
polymer glass transition temperature (7,). While energy storage applications require
cation transport, most electrolytes exhibit higher anion than cation mobility, under-
scoring a current challenge for these materials.[49] Polymer design thus requires the
incorporation of functional solvation groups which provide strong yet dynamic interac-

tions between the polymer and ions to enable higher cation mobility.

One class of materials with labile ion-polymer interactions is metal-ligand coor-
dination polymers,[214] which we have previously shown to dissolve and conduct
a range of metal salts relevant for energy storage.[4, 5] This family of polymers of-
fers advantages in tunability through the wide range of possible combinations of poly-
mer backbone[215] and ligand choices which enables optimization of additional unex-

plored features for improving performance.

One promising route towards improving ionic conductivity is to increase the seg-
mental mobility of the electrolyte. This can be achieved through the choice of a polymer
matrix with inherently low 7). The lowest T, polymers generally do not contain the nec-
essary solvation sites for dissolving ions, requiring the introduction of tethered species
for ion solvation. One effective way to introduce such solvating groups is by adding
side-chains to a low T}, polymer backbone. This has been successfully demonstrated for

siloxane [156, 215, 216], phosphazene [217], acrylate [218-221] and aliphatic[215]
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backbones. However, the attachment of side-chains to a low 7, polymer backbone
generally increases the 7}, of the electrolyte.[216, 222, 223] Thus, there is a trade-off
between the inclusion of the necessary solvation sites for ion conduction and keeping
a low T,. Ideally, a minimal concentration of solvation sites would be added to a low
T, polymer backbone to achieve ion dissolution and conduction without increasing the

T, to a detrimental level.

Tuning the grafting density of solvating side chains can provide the desired 7}, con-
trol, but also influences the density of solvation sites and extent of ion aggregation
within the polymer. A recent computational study on ether-based electrolytes sug-
gested that the connectivity of solvation sites within an electrolyte can play a critical
role in conductivity performance.[160, 224] It is therefore expected that as the grafting
density of solvation sites decreases, the efficacy of ion transport through the electrolyte
decreases as well, resulting in reduced conductivity performance. Unfortunately, pre-
dicting the distribution of solvation sites within a polymer electrolyte can be challeng-
ing; experimental methods such as X-ray scattering may observe correlation peaks sug-
gesting some amount of aggregation, but cannot determine the shape of any aggregate
features.[184] Furthermore, uniformly distributed coordination sites would not show
any features in X-ray scattering at all, but may have significantly different connectiv-
ity. Computational tools can aid in this understanding by providing information about

aggregate morphology and connectivity.[38, 184, 215]

Since segmental dynamics play such an important role in determining conductiv-
ity behavior, a static view of the solvation site and ion aggregate connectivity in these
systems is unwarranted.[225] Most electrolyte conductivity is measured significantly
above the polymer 7}, suggesting local fluctuations are important for aiding in ion

transport. Of particular relevance is the timescale for solvation site re-arrangement rel-
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ative to the timescale for ion motion. The importance of the timescale for solvation site
re-arrangement was suggested by Druger, Nitzan and Ratner through the development
of a dynamic percolation theory.[226-229] This theory has two key timescales — the
rate of ion hopping that would be present in a static matrix, and the rate of solvation
site re-arrangement. In a system where ion hopping is much faster than solvation site
re-arrangement, we recover the static percolation limit, which suggests there is a criti-
cal density of solvation sites required to enable ion conduction. However, in the limit
where the solvation site re-arrangement is much faster than ion hopping, this percola-
tion threshold disappears entirely, and ion conduction is predicted even for electrolytes
with dilute solvation sites. Most electrolyte systems fall intermediate to these two
limits, suggesting that both the rate of ion hopping, dictated by ion-solvation site dy-
namics, and the rate of solvation site re-arrangement, dictated by segmental dynamics,
are important for ion transport.[160] Indeed, this explains why 7, is an important lever
for increasing conductivity, but that there is still a spread of conductivity performance

between systems that have essentially the same T}, but different chemistries.[32]

For energy storage applications, maximizing the Li* contribution to the total con-
ductivity is important, and is quantified by the transference number (). Typically, a
large Li* ¢, reduces the concentration polarization during battery operation, yielding
higher power densities.[29] However, the determination of the transference number is
challenging for polymer electrolytes systems.[164] Several electrochemical techniques
exist for extracting transference number values, although all come with drawbacks.
Chronoamperometry, for instance, becomes inaccurate in systems with high interfa-
cial impedance or ion pairing, and for polymeric systems which require large cell
polarizations.[51, 52, 57] More rigorous methods for the determination of transference

numbers stem from thermodynamic considerations, but are limited by experimental
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complexity and propensity for propagation error, and are influenced by the solid elec-
trolyte interphase that typically forms between the polymer and Li metal foil.[49, 58]
Here, we use “Li and YF pulsed-field gradient nuclear magnetic resonance (PFG-NMR)
to determine the diffusion coefficients of the ions of interest, Lit and TFSI~.[151]
PFG-NMR typically measures the diffusion coefficient over a length-scale of a few mi-
crometers, which means that the diffusion coefficient is therefore an average diffusion
coefficient weighted by the time spent in the various mobile and immobile environ-

ments in the polymer.

In this work, the role of ligand density on T, total ionic conductivity and Li* ¢ is
explored for a series of sidechain grafted polymer electrolytes. A library of polymers
was synthesized from a poly(vinyl methyl siloxane) backbone functionalized with vary-
ing ratios of imidazole ligands and ‘spacer’ side chains, chosen to remove residual vinyl
reactive groups and to test for the role of spacer steric bulk on the electrolyte proper-
ties. It is shown that replacing the imidazole ligands with small ethane spacers enables
a reduction in the polymer 7, of over 80°C, and a concomitant 10-fold conductivity
increase. Interestingly, the use of phenyl spacers likewise results in dramatic decreases
in T, of about 60 °C, yet leads to a decrease in the conductivity performance of the
polymer electrolyte. After normalization of the conductivity data by the corresponding
values of 7}, both polymers show a decrease in conductivity at low grafting density,
though the conductivity of the ethane-imidazole series is insensitive to imidazole graft-
ing density at grafting percentages above 30% imidazole. These results are examined
based on approximations of molar volume of imidazole and salt concentration, which
suggests that reducing the imidazole molar concentration below a certain threshold
leads to reduced conductivity performance. Importantly, there is not a strict thresh-

old of imidazole concentration which results in zero ionic conductivity, suggesting that
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static percolation theories indeed do not hold, and solvation site re-arrangement recov-
ers some performance for even extremely low imidazole contents. The Li* transference
behavior of the ethane-imidazole series was also studied using PFG-NMR and relaxom-
etry. The Li* ¢, decreases from 0.27 to 0.17 as the imidazole content is reduced to 30%
of side chains. Thus, a maximum in cation conductivity exists, emphasizing the need

to consider ¢, for ligand density optimization.

5.3 Experimental

Polymer synthesis. Two batches of poly(vinyl methyl siloxane) (PVMS) were syn-
thesized by anionic polymerization using standard Schlenk line techniques. For the
first, 200 mL of uninhibited and dry THF was further purified by distillation over n-butyl
lithium and dried by the addition of 260 uL of sec-butyl lithium at 0 °C, after which the
solution was allowed to warm to room temperature. The monomer, 1,3,5-trivinyl-1,3,5-
trimethyl-cyclotrisiloxane (Gelest), was degassed by four freeze-pump-thaw cycles and
used without additional purification. 260 uL of sec-butyl lithium was added to THF
at 0°C as initiator, followed by the addition of 15.5 mL of degassed monomer. The
reaction was allowed to proceed for 10 min at 0 °C before termination with degassed
methanol. The solution was concentrated and precipitated in methanol three times.
The second batch followed a similar synthesis procedure. 75mL of uninhibited and
dry THF from a solvent purification still underwent three freeze—pump—thaw cycles
before the addition of 5 mL n-butyl lithium. 50 mL of this THF was distilled into a sec-
ond two-neck round bottom flask, cooled to 0°C and dried with the addition of 400 uL
sec-butyl lithium. 8.5 mL degassed monomer was initiated with 75 uL n-butyl lithium.

The reaction was allowed to proceed for 3h at 0°C before termination with degassed
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methanol. The polymer was purified through dissolution in hexanes, separation in
water (3X), a 2day dialysis in THF, and filtering through a 20 yum PTFE plug. Size ex-
clusion chromatography (SEC) was performed on a Waters Alliance HPLC instrument
using a refractive index detector and Agilent PLgel 5 ym MiniMIX-D column at 35 °C
with THF as the eluent. Dispersity index (P) was determined against polystyrene cali-
bration standards (Agilent Technologies). The PVMS molecular weight was estimated

from SEC using Polystyrene standards.

Phenyl thiol (Ph-SH) synthesis. To an oven dried round bottom flask equipped
with a magnetic stir bar was added NaSH (1.1 equiv.) followed by a 0.35 M solution of
(7-bromoheptyl)-benzene in degassed absolute DMF at 0°C. This solution was stirred
for one hour at ambient temperature under dinitrogen atmosphere. Upon completion,
the reaction was diluted with DCM and extracted with brine 4X, dried with Na,SO,
and concentrated in vacuo. The 7-phenylheptane-1-thiol was isolated in 93% yield and
used for the next step without further purification. The 'HNMR data matched that of

previously reported structure.[230]

Polymer functionalization. N-(2-(1H-Imidazol-1-yl) propyl)-4-mercaptobutanamide
(Im-SH) was synthesized as previously reported by Sanoja et al.[4] Ethane thiol was
purchased from Sigma Aldrich and used as-received. The PVMS polymer was dissolved
in THF and added to a round bottom flask containing 2,2-Dimethoxy-2-phenylacetophenone
(0.2 mol% with respect to vinyl functional handle). An appropriate mass of Im-SH was
dissolved in methanol and added to the flask to vary the imidazole grafting density. For
the ethane-imidazole series, an appropriate amount of ethane thiol was added volu-
metrically using a syringe. For the phenyl-imidazole series, the Ph-SH was dissolved in
THF and added into the flask. The total thiol to vinyl ratio was kept constant at 1.75:1.

The final methanol/THF solvent ratio was adjusted to be 20/80 to maintain solubility
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during all reactions. The reaction was degassed with nitrogen for 30 min, after which
the reaction was allowed to proceed under UV (365nm) light for 2h. The polymers
were purified either by precipitation in acetonitrile, methanol or water, or through dial-
ysis in methanol/THF (50/50) solutions (SnakeSkin dialysis tubing with a 3.5kDa MW
cutoff, and solvent exchange every 12 h for a total of 5 to 7 times). The polymers were
then dried in vacuo at 55 °C in the presence of phosphorous pentoxide and immediately
transferred to a nitrogen glove box. The imidazole content of the resulting polymers

was analyzed using NMR (DMSO-d6 or CDCl3).

Salt Addition. Polymers were weighed into 7 mL vials and dissolved in anhydrous
methanol or anhydrous THF (for low imidazole content polymers) inside a nitrogen
glove box. Stock solutions of lithium bis(trifluoromethylsulfonyl)imide (LiTFSI, Alfa
Aesar) ranging from 0.1 M to 1 M were prepared using anhydrous methanol. Appropri-
ate volumes of LiTFSI stock solution were added to each polymer vial to achieve nomi-
nal molar ratios of Li* to imidazole of 0.1, or Li* to monomer of 0.1 or 0.05 (see Table
5.1 for concentrations used for each polymer). The sample vials were sealed, removed
from the glovebox and frozen in LN, before being opened and quickly transferred to
a vacuum oven and dried in vacuo (1x1073 Torr) at room temperature overnight, and
then at 60°C for 24h. The samples were then transferred to a high vacuum oven
(3x1078Torr) at 60°C for 24h to ensure complete removal of solvent. Finally, the

samples were transferred into a nitrogen glove box for storage and measurement.

Ionic Conductivity Measurement. Total ionic conductivity was measured as a
function of temperature on samples sandwiched between parallel ITO blocking elec-
trodes using electrochemical impedance spectroscopy (EIS). The ITO-coated glass elec-
trodes (Thin Film Devices) were cleaned by sonication for 5 min each in detergent, DI

water, acetone and isopropyl alcohol, followed by a 5min UV/ozone treatment. The
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electrode thicknesses were measured using a micrometer, after which a double-sided
Kapton tape spacer with a 1/8” hole was added to one electrode. Polymer samples were
loaded into the hole in the Kapton spacer in a nitrogen filled glove box. Samples were
heated to about 30 °C above their T, before being sealed with a second ITO electrode.
All samples were then heated to 110°C and pressed in a hand press. The final stack
thickness was measured using a micrometer, and the sample thickness was determined
by subtracting the electrode thicknesses. EIS was measured with a Biologic SP-200 po-
tentiostat using a sinusoidal 100 mV signal from 1 MHz to 1 Hz at temperatures ranging
from 30°C to 110°C. The data was converted into dielectric storage and loss, and the
ionic conductivities determined from the real component of conductivity at the maxi-
mum in tan(5).[118] One to three samples were measured for each composition, with

errors (where applicable) reported as standard deviations from the mean.

Thermal Characterization. Aluminum DSC pans were loaded with polymer sam-
ples in a nitrogen filled glove box and briefly exposed to air during sealing of the pans.
The glass transition temperature (7},) of each sample was measured using a Perkin
Elmer DSC 8000 or TA Instruments Q2000 DSC on second heating at 20°Cmin~! at

the midpoint of the step transition.

X-ray Scattering. X-ray scattering was performed as a function of temperature
at the National Synchrotron Light Source II (NSLS-II, beamline 11-BM, Brookhaven
National Laboratory) with an X-ray energy of 13.5 keV. Samples were packed into metal
washers in a nitrogen glove box and covered on both sides with Kapton tape to prevent
moisture uptake during measurement. Samples were equilibrated for 15 min at each
temperature before collecting exposures. Data processing, including detector distance
calibration using a silver behenate standard, reduction of 2D raw SAXS images into

1D intensity versus q curves and corrections for empty cell scattering were performed
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using the SciAnalysis software.[187]

NMR. All “Li and *F solid-state NMR experiments were performed on either a 4 mm
double resonance (HX) magic angle spinning (MAS) probe or a Diff50 probe fitted with
either a 10 mm '°F or “Li coil. All measurements were done on a 300 MHz (7.05T) SWB
Bruker NMR spectrometer. The polymer samples were packed into 4 mm MAS rotors
by adding small amounts of polymer and centrifuging the sample down at 10 kHz for
around 2 min each time, until the rotor was full. The rotor was packed inside a nitrogen
or argon filled glovebox. The packed NMR rotor was then either used directly inside
the 4 mm MAS probe or placed inside a 5 mm NMR tube equipped with a valve which
kept an inert atmosphere around the sample. In both instances the sample was then
temperature controlled by a flow of N, gas at a rate of 800 Lhr~! which ensured an
inert atmosphere. The temperature for each probe was calibrated using dry methanol

and dry ethylene glycol at sub-ambient and elevated temperatures, respectively.

The power level used for the “Li on the Diff50 probe was either 100 W or 200 W with
a 90° pulse duration of around 16 us (15.6 kHz) or 11 us (22.7 kHz) respectively. The
power level used for the “Li on the 4 mm MAS probe was 76 W with a 90° pulse duration
of around 3.3 us (75.8 kHz). The power level used for the '°F insert on the Diff50 probe
was 50 W with a 90° pulse duration of around 11 us (22kHz). For all measurements,
a recycle delay of around 57 was applied before each scan when signal averaging, to
allow full relaxation. The Li chemical shift was calibrated using a 1 M LiCl aqueous
solution (single peak at O ppm) while the '°F chemical shift was referenced against a

neat PF; sample exhibiting a doublet centered around 71.7 ppm.

The T} relaxation times were measured using a saturation recovery or inversion
recovery sequence. The T}, experiments were measured by applying a spin-locking

pulse during evolution of the spins following an initial 90° excitation pulse. The spin-
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locking frequency chosen here was 10 kHz for all samples. The PFG-NMR experiments
used a diffusion sequence which includes a stimulated echo to protect the signal from
T, relaxation, which is typically very short in these polymer systems. The diffusion
was measured using a variable magnetic field gradient strength sequence, where the

maximum gradient available was 2800 Gcm™'.

The selection of gradient strength,
along with the gradient duration (¢) and diffusion time (A) were chosen for each
measurement to ensure an appropriate window on the decay curve was acquired. The
value of ¢ and diffusion time A never exceeded 10 ms and 100 ms respectively and

were kept as low as possible while using the strongest gradient strength possible in

order to achieve the greatest possible signal to noise.

To determine the Li* ¢, for these polymer systems, diffusion constants can be mea-
sured for the Li* (Dy;+) and TFSI~ (Dypg;-) ions using “Li and '°F NMR, respectively.
The transference number is then defined as the proportion of the conductivity which
arises from the Li* ions only. If the relative concentration of anions and cations are

equal, then the transference number can be determined as follows:

04 DLi+
oy +o_  Dpi+ + Drpsr-

ty = (5.1

The transference numbers, along with the diffusion coefficients, for three differ-
ent imidazole grafting density polymer samples ranging from 29% up to fully grafted
(100%) with ethane spacer units have been measured. These data were collected at
72.7°C and 81.4 °C only as the conductivity levels for these polymers are relatively low,
which in turn causes short NMR spin-spin (73) relaxation times limiting the diffusion

measurements at ambient temperatures.

Spin-spin relaxation time (73) measurements can distinguish between multiple en-
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vironments by fitting multiple exponents to the data. However, for the solid polymer
systems of interest to this study, the 75, values are prohibitively short to be measured
with accuracy. 77, measurements are analogous to 7, measurements, in that they are
sensitive to multiple environments, with the additional benefit that the timescales are
controllable through the choice of spin-lock frequency. Specifically, the 7}, experiment
measures 7} in the xy plane using a low power spin-lock pulse applied during the du-
ration of the evolution period of the sequence. There are limitations to the spin-lock
frequencies that can be used due to heating effects, as the pulse power and duration
are limited to prevent damage of the NMR probe. Here, a spin-locking frequency of
10kHz (0.1 ms) was used for all samples, to establish whether multiple environments

are present.

5.4 Results and discussion

The two polymer series were designed to identify the role of the concentration of
solvation sites (imidazole ligands) on both segmental dynamics and ion conduction
(Figure 6.1). Imidazole ligands are attached to a poly(vinyl methyl siloxane) backbone
using thiol-ene click chemistry (Figure 5.2). The remaining active vinyl functional
groups are reacted with either ethane-thiol or phenyl-thiol. Ethane thiol was chosen
as a small spacer unit to remove the residual vinyl functional groups and eliminate
the possibility of unwanted reactions or cross-linking occurring in these polymers dur-
ing processing or characterization. The phenyl-thiol spacers were chosen to maintain
similar steric bulk to the imidazole ligand, while still removing the active coordina-
tion sites from the polymer. LiTFSI salt was then added to the polymer series at a

few concentrations. The first concentration kept the molar ratio of Li* to monomer
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Series 1: Series 2:
Ethane-lmidazol‘A Phenyl-Imidazole

R
S

Figure 5.1: Schematic representation of the polymer series synthesized for this
study. Series 1 changes the imidazole grafting density by replacing imidazole with
a non-bulky ethane spacer, while Series 2 replaces the imidazole with a phenyl spacer
to maintain similar steric bulk.
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repeat unit constant at 0.1. For the phenyl-imidazole system, this roughly also keeps
the weight percent of salt constant (Table 5.1), while for the ethane-imidazole series,
the weight percent changes due to the significant difference in molar mass between
ethane-thiol and imidazole-thiol. The second salt concentration, explored only for the
ethane-imidazole series, kept the molar ratio of Li* to imidazole constant. This series
tests the hypothesis that the salt dissociation is governed by the imidazole content. The
total salt concentration added to the polymer varied more dramatically throughout the

grafting density series for constant Li:imidazole (Table 5.1).
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Figure 5.2: Synthesis of the polymer grafting series was achieved using thiol-ene click
chemistry to attach various ratios of imidazole thiol and either ethane thiol or phenyl
thiol to a poly(vinyl methyl siloxane) backbone.

Wide-angle X-ray scattering (WAXS) shows changes in polymer structure with lower
grafting density for the ethane-imidazole polymer series but no change for the phenyl-
imidazole series (Figure 5.3). In addition to a broad amorphous halo peak around
0.4 nm, a shoulder peak emerges at about 1 nm as imidazole content within the ethane-
imidazole polymers is reduced. This peak is the most intense when no imidazole is
present in the polymer, signifying the ethane spacer is responsible for this added struc-
ture. The phenyl-imidazole polymers do not show the same feature in X-ray scattering,

suggesting that the bulk of the phenyl spacer may be effectively preventing this aggre-
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Name % Imi- Polymer mmol Li: Li: Imi- Salt Con- Salt
dazole @ Molar Imidazole Monomer dazole centration wt%
(NMR) Mass per Gram (mmol/cm?)
(g/- Polymer
mol)
VPc 0% 294 0 0.1 N/A 0.340 8.9
VPcl 14 14% 296.72 0.472 0.1 0.714 0.337 8.82
VPcl 40 40% 301.76 1.326 0.1 0.25 0.331 8.69
VPcl 72 72% 307.97 2.338 0.1 0.139 0.325 8.53
VE 0% 148 0 0.1 N/A 0.676 16.25
7% 159.58 0.439 0.1 1.429 0.627 15.25
VEI 7 7% 159.58 0.439 0.05 0.714 0.313 8.25
7% 159.58 0.439 0.007 0.1 0.044 1.24
VEI 20 20% 181.08 1.104 0.1 0.5 0.552 13.68
VELI 29 29% 195.97 1.48 0.1 0.345 0.510 12.78
VEI 33 33% 202.58 1.629 0.1 0.303 0.494 12.41
- 33% 202.58 1.629 0.033 0.1 0.163 4.47
VEI 49 49% 229.05 2.139 0.1 0.204 0.437 11.14
- 49% 229.05 2.139 0.049 0.1 0.214 5.79
VEI 71 71% 265.43 2.675 0.1 0.141 0.377 9.76
- 71% 265.43 2.675 0.071 0.1 0.267 7.13
VI 100% 3134 3.191 0.1 0.1 0.319 8.39

Table 5.1: Polymer characteristics. Polymer name corresponds to PVMS backbone
(‘V"), with phenyl-carbon (‘Pc’) or ethane (‘E’) spacers used to tune the grafting density
of imidazole (T) ligands. The percentage of imidazole grafting density as determined
by NMR is given as a number following the name.
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Figure 5.3: WAXS data for the (a) ethane-imidazole and (b) phenyl-imidazole polymer
series without salt shows additional structure arising in the ethane-imidazole system
through the appearance of a shoulder peak around 0.8 nm to 1.2nm which grows
in intensity and shifts to larger d-spacing as the imidazole content decreases. Such
additional structure is not present for the phenyl-imidazole series.
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gation. Importantly, the structure determined from X-ray scattering only provides an
averaged, static snapshot of these polymers. Since the ion conduction properties are
measured at temperatures above the glass transition temperature, these polymers are
highly mobile locally, and any aggregation or phase segregation undergoes significant
fluctuations with time. These fluctuations likely reduce the importance of this polymer

structure on the ion conduction results.

d(nm)
6020 10 6 4 2
HI'TIHIIHI'I T | T | T | 3 sess N
N E o salt
SE% PVMS-ELIM7 3 | _— | jim 0.1
= .}\ T=30°C - |--- Li:Mon0.05
2\ T Li:Mon 0.1
9 = ‘.'\'\\.'\ E
SF RS - E
aF T Seo ]
C (@ R e = e
) | ) B R ¥t et g G e
qnplmmw L . T ] I E PVMS-Et-Im 7
= Li:zMonomer =0.1 3§ | _ _ pyMS-Et-Im 20
= R T=30°C 7| - PVMS-Et-Im 33
/S) -+ PVMS-Et-Im 49
% = |-— PVMS-Et-Im 71
3 ; -+ PVMS-Im
_ '3 [— PVMS-Phc-Im 14
= Li:Monomer =0.1 3§ | _ _ pyMS-Phe-Im 40
€ T=30°C 1 PVMS-Phc-Im 72
3 © PVMS-Im
o |
DE e TTeTT E
oF 3
4 F ]
C© el
. | ) R T T oo

Figure 5.4: SAXS shows change in aggregation peak location and intensity with (a)
salt concentration in the ethane-imidazole polymer containing 7% imidazole, and
with imidazole grafting density at a constant Li™ to monomer molar ratio of 0.1 for
the (b) ethane-imidazole and (c) phenyl-imidazole polymer series.

Salt addition to the polymers often results in the emergence of an ‘ion aggregation’
peak at length scales between 3 nm and 6 nm, as probed via small-angle X-ray scatter-
ing (SAXS). The interpretation of this aggregate peak is challenging, but is generally

believed to arise from scattering between discrete aggregates, or, for stringy or per-
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colated aggregates, both inter- and intra-aggregate scattering.[184] Thus, for discrete
aggregates it measures the spacing between aggregates, while for stringy or percolated
aggregates it can also measure the distance between various segments of a single ag-

gregate.

As salt concentration is increased in the VEI-7 polymer, the aggregate peak grows
in intensity and shifts to larger lengthscales, suggesting increased spacing between ag-
gregated domains (Figure 5.4a). A very low salt concentration does not result in ion
aggregation in this polymer. The increase in peak intensity follows from the increase in
ion concentration, and indicates that a larger number of ions aggregate as the concen-
tration is increased. The increase in spacing between aggregates is less intuitive, as one
might expect the aggregates to become larger and more numerous, which would lead
to smaller inter-aggregate spacings. However, it is likely that the aggregates formed in
these side-chain grafted imidazole systems are stringy or even percolated[215]. In that
case, higher salt concentrations may be elongating aggregate domains in such a way to
increase the spacing between the closest distance between neighboring aggregates, or
between parts of an individual aggregate. Interestingly, salt addition does not change

the intermediate structure probed in the WAXS regime.

Increasing imidazole content for the ethane-imidazole polymer series at a constant
Li* to monomer ratio of 0.1 results in a smaller aggregation peak intensity and a shift
in the correlation distance to smaller length scales (Figure 5.4b). The reduction in
peak intensity is likely a result of two factors. First, the higher imidazole grafting per-
centages result in a lower overall salt concentration, due to the increase in polymer
volume from the imidazole spacer compared to the ethane spacer (see Table 1). Sec-
ond, as the imidazole content increases the dielectric constant of the polymer matrix

is expected to increase, which results in larger debye screening lengths and therefore
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less ion aggregation. The shift in peak position to smaller lengthscales with increasing
imidazole content might result from the decreased spacing between imidazoles. Since
the salt interacts most strongly with the imidazole ligands in the polymer, it likely seg-
regates to regions of higher imidazole density, resulting in ion aggregate clusters that

are spaced closer together as imidazole content increases.

A similar trend of decreasing aggregate correlation distance with increasing im-
idazole content at a constant Li* to monomer ratio of 0.1 exists for the imidazole-
phenyl series (Figure 5.4c). Compared to the ethane-imidazole polymer series, the
aggregation scattering peak for the phenyl-imidazole is less intense, and is shifted to
smaller length scales for a similar imidazole grafting percentage. The additional steric
bulk of the phenyl group results in a lower density of imidazole functional groups
for the phenyl-imidazole series at the same grafting percentage relative to the ethane-
imidazole series (Table 5.1), which could be a contributing factor to the intensity of
the peaks. The smaller aggregate peak distance in the phenyl system might be a result
of the extra bulk of the phenyl spacers which more effectively prevents ion-imidazole

clusters from forming and results in aggregate clusters spaced farther apart instead.

In addition to affecting polymer structure and propensity for ion aggregation, a
lower grafting density of imidazole ligands results in significant decrease of the poly-
mer 7,, as seen in Figure 5.5. Before the addition of LiTFSI salt, the ethane-imidazole
polymer series 7, ranges from — 8 °C for fully imidazole-functionalized to —90°C for
fully ethane-functionalized (Figure 5.5a). The T, decrease for the phenyl-imidazole
series is slightly smaller, with a drop to — 68 °C for a fully phenyl-functionalized poly-
mer (Figure 5.5b). Expected T} values for copolymers can be estimated using the Fox
equation,[231] but consistently underestimate the measured 7, for both series. The

changing concentration of hydrogen-bonding amide functionality is likely playing a
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Figure 5.5: Polymer glass transition temperature (7},) versus grafting density for the
(a) ethane-imidazole and (b) phenyl-imidazole polymer grafting series. A lower imi-
dazole content results in lower T, due to the removal of the polar and hydrogen-bond-
ing groups. The lower steric bulk of the ethane spacer unit results in a lower T},
(—90°C) than the fully phenyl-functionalized polymer (— 68 °C).
large role (see Chapter 6). It is also possible that microphase separation or clustering
of the polar imidazole side-chains away from the non-polar spacer units (as suggested

by the X-ray scattering profiles for the ethane-imidazole polymer series) could be driv-

ing additional 7}, increases for the copolymer series.

The significant decrease in 7, with lower imidazole content for both the ethane- and
phenyl-imidazole series suggests that two effects contribute to the polymer 7,. First,
the removal of the imidazole side chain eliminates both the polar imidazole group
and the amide functional group, which is expected to participate in hydrogen bonding
and dynamic cross-linking of the polymer. Elimination of hydrogen bonding and polar
groups results in a — 60 °C drop in 7, as measured for the phenyl-imidazole series. The
ethane-imidazole series further eliminates the steric bulk of the phenyl unit, replacing

it with a small ethane cap instead. The smaller side chain reduces steric crowding of
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the polymer backbone, and results in a further — 20 °C drop of the polymer 7},.
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Figure 5.6: Total ionic conductivity for the (a) ethane-imidazole and (b) phenyl-im-
idazole series as a function of the percentage of monomers containing an imidazole
sidechain.

While the ethane- and phenyl-imidazole series show similar 7, behavior, they dif-
fer remarkedly in their conductivity trend with changing grafting density at a constant
temperature of 30°C, likely due to the difference in steric bulk of the phenyl versus
ethane spacer. The ethane-imidazole polymer series undergoes a steady increase of
about an order of magnitude in ionic conductivity as the imidazole grafting density is
reduced from 100% to around 30% (Figure 6.4a). This conductivity increase reaches
a plateau at imidazole contents less than 30%, until all the imidazole is removed from
the polymer, which results in a significant drop in conductivity due to the poor sol-
vation and conduction properties of the siloxane backbone and thioether functional
group. Interestingly, for the phenyl-imidazole series, the conductivity peaks at a rela-

tively high grafting density of 72%, and subsequently decreases with lower imidazole
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content (Figure 6.4b). The maximum conductivity increase is also only approximately
a factor of 2. The non-monotonic evolution of the conductivity with grafting density
differs from the continually decreasing 7}, trend. This result highlights that 7}, is not the
only important factor in controlling ionic conductivity. Instead, the difference in steric
bulk of the phenyl group in comparison to the ethane spacer might be playing a role in

determining the conductivity performance.
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Figure 5.7: T,-normalized total ionic conductivity versus grafting density for the (a)
ethane-imidazole and (b) phenyl-imidazole polymer series. Conductivity values are
plotted at a constant 7'—7T,; = 100. The conductivity remains flat until around 30% im-
idazole functionalization for the ethane-imidazole series, while the phenyl-imidazole
series shows an immediate decline with reduced imidazole content.

Analyzing conductivity at a constant temperature relative to 7, reveals a thresh-
old grafting density above which extra imidazole is unimportant for the conductivity
mechanism. Figure 6.5 shows conductivity as a function of imidazole grafting percent-
age for both series at 7' — T, =100, which was chosen because this temperature was
accessible for conductivity measurements for all the samples within both series. Elimi-

nating the contribution due to changing 7, within each series isolates the role of spacer

concentration and identity on conductivity performance. This representation shows a
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significantly different picture to the un-normalized conductivity data shown in Figure

6.4.

The ethane-imidazole exhibits a plateau in ionic conductivity at imidazole grafting
densities above ~30%, suggesting that at these imidazole concentrations the conduc-
tivity is unaffected by a change in the imidazole content. This is an important design
rule, as it indicates that increasing the concentration of solvating groups does not al-
ways result in improved ion transport. The phenyl-imidazole series, on the other hand,
shows a continuous decline in conductivity with lower imidazole content, though the

initial decrease in imidazole content to 72% only has minimal effect.

Below a grafting density threshold, which differs between the two series, the con-
ductivity begins to decline more steeply, but also does not immediately reduce to
zero. While it is tempting to discuss this decline in terms of a percolation thresh-
old, static percolation theory does not hold in polymer electrolytes significantly above
their 7,.[226, 232] In these polymers, significant segmental motion occurs, and sol-
vation site re-arrangement likely plays an important role in determining conductivity

performance at lower grafting densities.

Instead, these results can be understood in terms of dynamic percolation theory,
which suggests ion conductivity depends on both the rate of solvation site re-arrangement
and the rate of ion hopping. The T,-normalized conductivity representation eliminates
differences in solvation site re-arrangement between the polymer electrolytes, enabling
understanding of the impact of imidazole content on ion hopping rates. Figure 6.5
shows that ion hopping rates are invariant at high imidazole contents, especially for the
ethane-imidazole series, but drop steadily below a threshold imidazole density. High
imidazole contents likely form a percolated network of solvation sites, resulting con-

stant solvation site connectivity and thus invariant ion hopping rates. When the ligand
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concentration drops below a threshold, the distribution and connectivity of solvation
sites changes with imidazole content, resulting in decreasing ion hopping rates and
thus lower T;,-normalized conductivity. The role of solvation site distribution on ion
hopping rates was previously discussed in Webb et al.[160] Note, this 7,-normalized
conductivity representation eliminates differences in solvation site re-arrangement, but
does not eliminate the overall importance of such re-arrangement, as the conductivites
here are 100 degrees above 7,. This is why the conductivity declines but does not

reduce to zero after the threshold imidazole content.
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Figure 5.8: (a) T,-normalized total ion conductivity versus grafting density for the
ethane-imidazole and phenyl-imidazole polymer series at a Li™ :monomer ratio of 0.1.
(b) The T,;-normalized conductivity can be approximately normalized by salt concen-
tration (to obtain molar conductivity) and plotted against the mmol of imidazole per
gram polymer which acts as a proxy for imidazole molar volume. This data now shows
a very similar trend between the ethane and phenyl series.

The difference in grafting percentage below which a conductivity drop is seen in

the two series likely results from the significantly different steric bulk, or volume, of
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the ethane versus the phenyl spacer units used in this study. To compare the phenyl-
imidazole and ethane-imidazole series directly, the 7,-normalized conductivity is first
plotted on the same graph in Figure 5.8a. This more clearly shows the faster drop in
conductivity of the phenyl-imidazole series compared to the ethane-imidazole series. It
is possible to convert the imidazole grafting percentage into a mass-normalized imida-
zole concentration by calculating the mmol of imidazole per gram of each polymer. If
the densities of the polymers within the series does not appreciably change, then this
mmol imidazole per gram polymer should translate directly into a volumetric concen-
tration (mmol cm~?) of imidazole. To better compare the two series, the conductivity
is also normalized into an approximate molar conductivity. This requires assuming
full salt dissociation and a constant polymer density (here taken as 1gcm~2) for all
polymers. This form of normalization is commonly applied to both liquid and polymer
electrolytes to aid in comparability between studies.[157, 162, 233, 234] Figure 5.8
shows the comparison between the un-normalized conductivity data for the ethane-
and phenyl-imidazole series with a Li:monomer ratio of 0.1 and the scaled conduc-
tivity behavior (Figure 5.8b). This approximate normalization scheme provides much
stronger agreement between the two series in terms of the threshold imidazole content

that results in a drop in conductivity performance.

Unlike the total (cation + anion) conductivity, which decreases with increasing im-
idazole content at a fixed temperature, the Li* transference number increases with
increasing grafting density when measured at 72.7 °C, suggesting lithium mobility is
preferentially enhanced over the TFSI™ at higher imidazole densities. This could be due
to shorter distances between imidazole sites, potentially reducing the energy barrier for
lithium hopping compared with anion motion. For the 29% and 71% imidazole grafted

samples the transference number was observed to increase with temperature. Con-
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Grafting D7y, Diop t* oy, o_, Ototals Omeasureds
Density (m?s™1) (m?s™) (%) x10° x 106 x 106 x 106
(%) (Sem™) (Sem™) (Sem™) (Sem™h)
29 6.17x107* 2.87x10°" 17.7 1.02 4.74 5.76 3.66
71 5.26x107 1.91x10" 21.6 0.642 2.33 2.97 2.69
100 1.03x10713 3.29x107!® 23.9 1.06 3.04 4.46 2.31

Table 5.2: Li* (Dy;+) and TFSI™ (Dppgr-) self-diffusion constants, as well as trans-
ference numbers, calculated conductivity arising from the Li* (o) and TFSI~ (0_),
as well as the total calculated conductivity (o) for the four PVMS-Et-Im polymers
with varying imidazole grafting density, all with a 0.1 Li:monomer LiTFSI salt added
and measured at 72.7 °C.
versely, the 100% grafted sample was independent of the limited temperature range
accessible for these systems. The diffusion and transference number values for all sam-

ples at 72.7 °C are displayed in Table 6.2.

Comparing the total ionic conductivity measured by impedance spectroscopy with
the expected conductivity calculated from PFG diffusion measurements reveals that
not all ions participate in the conductivity. The conductivity is calculated using the

Nernst-Einstein equation:

N,e*C
o=
kT

(Dy +D_) (5.2)

where N, is Avogadro’s number, e is the charge on an electron, C is the concentration
of ions in the system, kp is Boltzmann’s constant and 7' is the temperature of the
measurement, in Kelvin. The ion concentration has been estimated assuming a polymer
density of 1 gcm—3 and complete salt dissociation. The calculated conductivities from
each ion (¢, and o_) as well as the total calculated conductivity are also presented in

Table 6.2.

One possible explanation for the over-estimation of the calculated conductivity is
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incomplete salt dissociation, which would result in neutral ion pairs that do not con-
tribute to the overall conductivity or larger aggregates that reduce the total ion con-
centration. While SAXS (Figure 5.4) does not indicate significant ion aggregation at
this salt concentration for the 71% and 100% imidazole grafting density, this does
not preclude the existence of ion pairing or small-scale aggregates not detectable in
X-ray scattering. The ratio of the measured to calculated conductivity for each sample
provides an estimate of the percentage of conducting ions compared to full salt disso-
ciation. These are 63.5%, 90.6% and 51.8% for the 29%, 71% and 100% imidazole
grafted samples. It is also possible that a second slow-moving Li* component is filtered

out in the diffusion sequence, leading to an overestimation of the Li* diffusion.

NMR line-width analysis enables a comparison of local ion dynamics at lower tem-
peratures, and reveals that while local dynamics of both the Li* and TFSI~ are similar
for the entire grafting series at elevated temperature, the ion mobility is progressively
impeded with increasing grafting density at ambient temperatures (Figure5.9). The
NMR line-width is inversely proportional to the spin-spin relaxation time (75) which
in turn depends on the mobility of the species under investigation. As ion dynamics
become slower, for instance at lower temperatures, the 75 value decreases and tends to
zero, while the NMR signal becomes broader. The similar linewidths between polymer
samples at elevated temperatures is consistent with the high-temperature convergence
of the diffusion coefficients measured by PFG-NMR, although the line-width is a more
local dynamics probe compared to PFG. At lower temperatures, the 29% imidazole
grafted polymer has a significantly narrower line-shape than the 71% polymer, which
implies that Li* ions are more locally mobile in the former compared to the latter poly-
mer at room temperature. The data in Figure 5.9a can be fit to a standard Arrhenius

equation, yielding activation energies of 56.5kJmol~! and 60.0kJmol~! for the 29%

149



Optimum in Ligand Density for Conductivity in Polymer Electrolytes Chapter 5

and 71% grafted polymers, respectively. As discussed below, there is a second, broader
component in the “Li NMR data which unfortunately can not be fitted with accuracy
and is not considered in this linewidth analysis. Analogous to the “Li data, the width
of the YF peaks converge at higher temperatures for all of the samples suggesting
similar dynamics, although differences between samples are clearly observed at ambi-
ent temperatures. The activation energies derived from Figure 5.9b are 59.3kJmol !,
62.7 kJmol~! and 80.3 kJmol~! for the 29%, 71% and 100% imidazole grafted sam-

ples, respectively.

Additional information can be obtained from NMR relaxometry measurements. Two
relaxation times were studied here, the spin-lattice relaxation (77) and the spin-lattice
relaxation in the rotating frame of reference (7},). 7} is used to monitor the short-range
dynamics (typically 1ns to 100ns) of Lit (“Li) and TFSI~ (*°F) ions independently,
and subsequently determine activation energies which relate to the very short range
motion, such as the polymer chain dynamics. On the other hand, 7;, can be used
to probe much longer range dynamics on the order of 10 us to 1 ms, depending on the
spin-locking frequency used, and thus, in some instances is comparable to the timescale
of the self-diffusion measurements (ms). 7, has the added benefit of providing site-

specific information on the dynamics of the ionic species of interest.

The observed activation energies for the 7; measurements (detailed in the Ap-
pendix, see Figure 5.11) are significantly smaller than the corresponding values mea-
sured for the diffusion process. Discrepancies between the activation energies obtained
from the T) relaxation data and diffusion measurements can be explained by the fact
that 77 measurements probe very fast dynamics, on the order of 10ns, whereas the
diffusion experiments probe much longer timescales, on the order of ms. Therefore,

T) is sensitive to other more local dynamics, such as local vibrations, rotations and

150



Optimum in Ligand Density for Conductivity in Polymer Electrolytes Chapter 5

B
o
R
£
S
=
T T T T T T T T T T T T T T
290 300 310 320 330 340 350 360
Temperature (K)
(b)35 T T T T T T T T T T
304 ] 1
A
25 N .
T 20+ . A B 29% .
%15 o ° 71%
had — A 0, -
= . 100%
2 104 “ 1
; [ ]
5 4 ': ° B
-
0+ fg 04040 |

T T T T T T T T T T
260 280 300 320 340 360
Temperature (K)

Figure 5.9: (a) 7Li NMR and (b) F NMR peak width, as a function of temperature.
All samples consist in a 0.1 Li:monomer ratio of LiTFSI added to the polymer. NMR
collected and analyzed by Dr. Peter Richardson.
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tumbling, which are associated with low activation energies.

Additional 7', measurements (as well as chemical shift analysis, see Appendix Fig-
ure 5.12) reveals the presence of two Li environments, regardless of the imidazole
grafting density. Figure 6.6a shows an example 73, decay curve for the 71% imidazole
grafted sample measured at 63 °C using a spin-locking frequency of 10kHz. The T},
intensity (S) decay curves as a function of time (¢) are fitted to an exponential decay
function in the form of Equation 5.3 for a single exponential fit and Equation 5.4 for a
biexponential (two component) fit. It can be clearly observed from Figure 6.6a that a

second component is needed to fit the data well.

—t
—1 —1
S = Siexp (Tl 1) + Ssexp <T1 2) (5.4)
Ps Ps

It is difficult to ascertain the origins of these two "Li components. One possibility
is that the two components correspond to Li* ions bound to the imidazole and in the
unbound state (‘free’ in solution). Another possibility is that the multiple components
correspond to Li* ions bound to varying numbers of imidazole moieties. It is unlikely
that the second environment is related to binding to the amide group present on the
polymer side-chain as two environments were also noted in similar polymer systems

which do not contain the amide functionality (see Chapter 6).

The ratio of the two environments is constant with temperature, but changes slightly
with grafting density, suggesting imidazole content affects the lithium environment

somewhat. The relative occupation of each environment can be determined by com-
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Figure 5.10: (a) "Li example 73, decay curve for the 71% imidazole grafted polymer
sample with ethane spacers with 0.1 Li:monomer LiTFSI added, measured at 63 °C,
with 10 kHz spin-locking frequency. Two components found for all samples and shown
as a function of temperature for the (b) 29% grafted sample and (c) 71% grafted
polymer electrolyte. NMR collected and analyzed by Dr. Peter Richardson.
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paring the S; and S, pre-exponential terms. Interestingly, the values of S; and S, do
not seem to be dependent on temperature. The values of S; (component 1) are de-
termined to be 0.67+0.01 and 0.61+0.01 for the 29% and 71% imidazole grafting
density polymers, suggesting that component 1 becomes slightly more dominant upon
increasing the imidazole grafting density. Importantly, while the ratio between the
two environments shifts slightly, it does not scale proportionally with the change in
imidazole content between the two polymers, which emphasizes that the role of the

imidazole on affecting lithium environment is indirect.

The more prevalent lithium environment (component 1) is also more mobile, as re-
vealed by the lower activation energy obtained from fits to the temperature-dependent

relaxation rate R;, (Figure 6.6b,c). The data were fitted to the theoretical equation

for the dipole-dipole relaxation (R, pp = ﬁ), which is dependent on the spin-lock

frequency (w;), the Larmor frequency (wy), an arbitrary constant (k) and the rotational

correlation time (7.), and is expressed in Equation 5.5.

1 3T, 5% 2T,
R — =k ¢ c = 5.5
1p.DD Tip.0D (1 + dwdT? + 1+ wir? + 1+ 4w87'3> (5.5)

In order to relate Equation 5.5 to the temperature study in Figure 6.6 the correlation

time is assumed Arrhenius in nature and Equation 5.6 is substituted into Equation 5.5.

Te = To€XP <§—%) (5.6)

The fit shown in Figure 6.6b for the 29% grafting density polymer allows activation en-
ergies to be determined for the two components, namely 55.7 kJ mol~! and 64.5 kJ mol !
for component 1 and 2, respectively. Therefore, component 1 is the faster diffusing en-

vironment and is also the dominant component. The 71% grafted sample, displayed
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in Figure 6.6c, exhibits very similar trends with component 1 as the faster, and dom-
inant environment. However, both components are less mobile for the 71% grafted
polymer sample as the activation energies of component 1 and 2 are 72.3 kJmol~! and

78.9 kJmol !, respectively.

This study demonstrates the use of 7}, measurements to determine the number of
environments for the different ions and to assess the dynamics of each component indi-
vidually. These insights are not readily available using any other technique, suggesting
that 737, measurements coupled with PFG-NMR yield unique information on the ion dy-
namics of polymer systems and can be used to predict dynamics at lower temperatures,

where diffusion measurements are not easily acquired.

5.5 Conclusion

Tuning the ligand grafting density of an imidazole side-chain siloxane polymer elec-
trolyte doped with LiTFSI enables dramatic tunability over polymer glass transition
temperature and total ionic conductivity. The choice of spacer unit, either ethane thiol
or phenyl thiol, has significant impact on the ionic conductivity behavior, with the less
bulky ethane spacer enabling an order of magnitude improvement in the total ionic
conductivity. The 7,-normalized conductivity is shown to be constant at high imida-
zole grafting density, and decreases below a threshold imidazole content that can be
correlated with an approximate volume fraction of imidazole. PFG-NMR enables mea-
surement of Li™ transference numbers, which decrease slightly with decreasing imida-
zole content, likely due to poorer connectivity between neighboring coordination sites.
These measurements also suggest ion pairing or incomplete salt dissociation. Relax-

ation NMR measurements indicate the existence of at least two ion environments, and
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prove useful for estimating ¢, at lower temperatures not accessible to PFG-NMR. This
system presents further opportunities for tuning polymer electrolyte conductivity per-
formance by reducing, rather than increasing, the total ligand content to a value that

optimizes polymer T, ionic conductivity, and Li* ¢..

5.6 Appendix

5.6.1 T) Relaxation Experiments

Spin-lattice NMR relaxation (77) values were determined as a function of temper-
ature by using a saturation recovery sequence for the four grafting density samples
discussed in the main text. The theoretical equation that governs the spin-lattice re-
laxation rate (R, = Til) depends on the rotational correlation time (7.), the resonant
frequency of the nuclei under investigation (wy) and a constant (k), which is governed

by several fundamental constants:

1 T, 4,
— =R, =k ¢ ¢ 5.7
T, ! <1—1—w§7'c2 + 1—1—4@037‘3) .7

Equation 5.7 does not have an explicit term included for temperature dependence, but
the 7. parameter depends on temperature and is related to ion dynamics. If we assume
that the correlation time follows an Arrhenius-type behavior then Equation 5.6 can be
used to define the temperature-dependent correlation time in order to determine an

activation energy for this relaxation (F,):

T, measurements suggest that increasing grafting density results in slower local Li*™

and faster local TFSI~ dynamics. Figure 5.11 shows the 7} values as a function of tem-
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Figure 5.11: T} values as a function of temperature for the (a) 29 %, (b) 71 % and (c)
100 % imidazole grafting density polymer electrolyte samples all with 0.1 Li:monomer
LiTFSI salt, for both the Li* ("Li) and TFSI~ (*°F) ions. NMR collected and analyzed
by Dr. Peter Richardson.
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perature for the 29%, 71% and 100% imidazole grafting density polymer electrolyte
samples all with 0.1 Li:monomer LiTFSI salt, for both the Li* (“Li) and TFSI~ (*°F) ions.
The data were fitted using a combination of Equations 5.7 and 5.6 to extract activation
energies (E,). When inferring ionic mobility from 7} data, it is important to use activa-
tion energy values rather than overall relaxation times, as these can be dependent on
local environment as well as ion dynamics. The “Li activation energies obtained from
Figure 5.11 are 17.6kJmol~! and 19.2kJmol~! for the 29% and 71% grafted samples
respectively. The 'F activation energies obtained from Figure 5.11 are 7.36 kJmol™!,
6.14kJmol~! and 3.25kJmol~! for the 29%, 71% and 100% imidazole grafted poly-
mers. The activation energies are significantly smaller than the corresponding energies
obtained for the diffusion process. T experiments probe typically ns timescale dynam-
ics, which are orders of magnitude shorter than that of diffusion, and therefore probe
very local dynamics, such as reorientation and reptation. It is for this reason that the
activation energy obtained is much smaller than the activation energy obtained from

that of the diffusion process.

5.6.2 Chemical Shift Analysis

An example 1D "Li NMR spectra is shown for VEI-71 in Figure 5.12, exhibiting both

a narrow and broad component.

158



Optimum in Ligand Density for Conductivity in Polymer Electrolytes Chapter 5

20 15 10 5 0 5
’Li Chemical Shift (ppm)

Figure 5.12: "Li NMR spectrum of the 71% imidazole grafting density polymer with
0.1 Li:monomer LiTFSI salt concentration at 72.7 °C. The data (blue line) has been

fitted with two components (green and purple lines) and also shows the overall fit
(red line). NMR collected and analyzed by Dr. Peter Richardson.
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Chapter 6

Dual Role of 7, and Ion Binding in
Determining Conductivity and Lithium

Transport in Polymer Electrolytes

6.1 Abstract

High Li* conductivity polymer electrolytes provide a route towards improved safety
and performance of lithium-ion batteries. However, most polymer electrolytes suffer
from low ionic conduction, and even lower lithium ion contribution to the conductiv-
ity (transference number, ¢, ), with the anion typically transporting over 80% of the
charge. Here, we show that undetected associations within a polymer electrolyte can
entrain both the anion and the cation. When removed, the conductivity performance
of the electrolyte can be improved by two orders of magnitude. Importantly, while
about half of this improvement can be attributed to the lower 7}, of the newly-designed

polymer, the amide functional group removal also reduces the polymer interaction with
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the Li* cation, thus increasing the Li* ¢, by a factor of two to 0.46, as measured using
pulsed-field-gradient NMR. This work highlights the importance of strategic synthetic
design and emphasizes the dual role of 7, and ion binding for the development of new

polymer electrolytes with higher ionic conductivity performance.

6.2 Introduction

High energy density lithium-ion (Li-ion) batteries have revolutionized both con-
sumer electronics and electrified transportation.[1] However, current Li-ion technol-
ogy based on organic liquid electrolytes suffers from low chemical, thermal and me-
chanical stability, leading to substantial safety concerns.[1, 235, 236] Ion-conducting
polymers form chemically stable, easily processable and mechanically robust films and
could lead to safer and higher performing batteries.[27, 235, 236] Currently, how-
ever, polymer electrolytes lack the ionic conductivity performance required for their use
in applications.[2] Significant effort has focused on polymers based on poly(ethylene
oxide), and while a few polymers have reached ionic conductivities on the order of
10~*Scm~1,[156] some studies suggest that the Li* ion only contributes a small frac-
tion of this conductivity (cation transference number, ¢,).[49] In fact, both liquid and
polymer electrolytes usually transport anions better than cations, with ¢, ranging from
—4.5 to 0.2 for standard monovalent salt-in-polymer electrolytes.[5, 32, 49, 58, 237]
This cation entrapment is a result of the specific solvation mechanism of most polymer
electrolytes wherein it is challenging to separate the solvation and conduction func-
tions. Thus, finding different polymer classes that enable tuning of polymer-ion inter-
actions for both high ionic conductivity and high ¢, is critical for further advancement

in polymer electrolyte performance.
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Metal-ligand coordination polymers enable tunable dynamic interactions between
cations and ligands tethered to a polymer backbone[68, 75, 214, 238] and promote
salt dissociation even with low polarity polymer backbones,[215] providing a large li-
brary of polymers for optimizing conductivity performance.[4, 5, 215] Ion conduction
in polymer electrolytes is achieved through the dissolution of a metallic salt and subse-
quent transport of the metal cation and organic anion.[3, 26, 43] Polymer electrolytes
must therefore contain solvating groups that interact with ions (typically the cation)
to stabilize ionic species but still allow for ion mobility. [5, 32, 239] Careful choice
of the solvating group is warranted, as a strong tradeoff exists between good solva-
tion resulting in effective salt dissolution and slow cation-polymer binding leading to
low ¢,.. We have previously demonstrated the dynamic metal—ligand coordination of
imidazole-containing polymers towards lithium and other metal ions, suggesting this

class of materials satisfies these requirements.[4, 5, 215]
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Figure 6.1: Structure comparison between the amide-free (PMS-10-Im) and the
amide-containing (PMS-6-Amide-3-Im) polymers. Both polymers are based on a low
T, siloxane backbone and grafted imidazole ligand, but differ in their linker chemistry.
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In this chapter, we show how rational polymer design can result in dramatic im-
provements in both total ionic conductivity and Li* ¢... We functionalize a low 7, silox-
ane polymer backbone with an imidazole-based ligand, but change the linker identity
from a more easily synthesized amide-containing linker (forming PMS-6-Amide-3-Im)
to an aliphatic chain (forming PMS-10-Im, Figure 6.1). This improves room tempera-
ture ionic conductivity by two orders of magnitude, and Li* ¢, by a factor of two due
to the removal of the hydrogen bonding and Li*-coordinating amide group. This work
highlights the role of both intended and unintended ion binding sites within a polymer

in controlling both 7, and ion mobility.

6.3 Experimental

Polymer synthesis. Two batches of poly(vinyl methyl siloxane) (PVMS) were syn-
thesized by anionic polymerization using standard Schlenk line techniques. For the
first, 200 mL of uninhibited and dry THF was further purified by distillation over n-butyl
lithium and dried by the addition of 260 uL of sec-butyl lithium at 0 °C, after which the
solution was allowed to warm to room temperature. The monomer, 1,3,5-trivinyl-1,3,5-
trimethyl-cyclotrisiloxane (Gelest), was degassed by four freeze-pump-thaw cycles and
used without additional purification. 260 uL of sec-butyl lithium was added to THF
at 0°C as initiator, followed by the addition of 15.5 mL of degassed monomer. The
reaction was allowed to proceed for 10 min at 0 °C before termination with degassed
methanol. The solution was concentrated and precipitated in methanol three times.
The second batch followed a similar synthesis procedure. 75mL of uninhibited and
dry THF from a solvent purification still underwent three freeze—pump—thaw cycles

before the addition of 5 mL n-butyl lithium. 50 mL of this THF was distilled into a sec-
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ond two-neck round bottom flask, cooled to 0°C and dried with the addition of 400 uL
sec-butyl lithium. 8.5 mL degassed monomer was initiated with 75 L n-butyl lithium.
The reaction was allowed to proceed for 3h at 0°C before termination with degassed
methanol. The polymer was purified through dissolution in hexanes, separation in
water (3X), a 2day dialysis in THF, and filtering through a 20 um PTFE plug. Size ex-
clusion chromatography (SEC) was performed on a Waters Alliance HPLC instrument
using a refractive index detector and Agilent PLgel 5 ym MiniMIX-D column at 35 °C
with THF as the eluent. Dispersity index (P) was determined against polystyrene cali-
bration standards (Agilent Technologies). The PVMS molecular weight was estimated

from SEC using Polystyrene standards.

Carbon-linked imidazole synthesis. To an oven dried round bottom flask equipped
with a magnetic stir bar, imidazole (1.1 equiv.) and half the total volume of THF was
added 1.1 equiv. of 2.5M nBuli in hexane at ambient temperature. This solution was
stirred for 30 minutes at ambient temperature under dinitrogen atmosphere. To this
reaction was added a solution of 1-bromo-7-chloroheptane in THF to a final concentra-
tion of 0.3 M in imidazole. This reaction mixture was placed in an oil bath preheated
to 40 °C and stirred for 22 hours. Upon completion, the reaction was filtered through a
pad of silica and concentrated in vacuo. The 1-(7-chloroheptyl)-1H-imidazole was iso-
lated in 85% yield and used for the next step without further purification. The 'H-NMR

data matched that of previously reported structure.[240]

To an oven dried round bottom flask equipped with a magnetic stir bar was added
NaSH (1.4 equiv.) followed by a 0.35M solution of 1-(7-chloroheptyl)-1H-imidazole
in deoxygenated absolute MeOH at ambient temperature. This reaction mixture was
placed in an oil bath preheated to 65°C and stirred for 19 hours. Upon completion,

the reaction was filtered through a pad of silica and concentrated in vacuo. The 7-
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(1H-imidazol-1-yl)heptane-1-thiol was isolated in 78% yield and used for the next step

without further purification.
Polymer functionalization.

Amide-containing PMS-6-Amide-3-Im. N-(2-(1H-Imidazol-1-yl)propyl)-4-mercapto-
butanamide (Im-SH) was synthesized as previously reported by Sanoja et al.[4] Dried
PVMS was weighed out and dissolved in THF. An appropriate mass of Im-SH was dis-
solved in methanol and added to the flask to achieve a thiol to vinyl ratio of 1.75:1.
DMPA (2,2-Dimethoxy-2-phenylacetophenone) was added at a initiator to vinyl ratio of
0.2:1. The final methanol/THF solvent ratio was adjusted to be 20/80 to maintain sol-
ubility during reaction, with a 0.1 M PVMS concentration. The reaction was degassed
with nitrogen for 30 min, after which the reaction was allowed to proceed under UV
(365 nm) light for 2h with continuous stirring. The polymer was purified by precip-
itation in acetonitrile, then dried in vacuo at 55°C in the presence of phosphorous

pentoxide and immediately transferred to a nitrogen glove box.

Amide-free PMS-10-Im. To an oven dried round bottom flask equipped with a mag-
netic stir bar was added 7-(1H-imidazol-1-yl) heptane-1-thiol (3.0 equiv.), PVMS, DMPA
(2,2-dimethoxy-2-phenylacetophenone) (10 mol%) followed by deoxygenated abso-
lute DCM to a concentration of 0.1 M in PVMS. This reaction mixture was irradiated
with 365 nm light for 20 hours. Upon completion, the crude mixture was concentrated
in vacuo. The polymer was purified by precipitation in THF, then dried under high

vacuum and immediately transferred to a nitrogen filled glove box.

Salt Addition. Polymers were weighed into 7 mL vials and dissolved in anhydrous
methanol inside a nitrogen glove box. Stock solutions of lithium bis(trifluoromethylsulfonyl)-
imide (LiTFSI, Alfa Aesar) ranging from 0.1 M to 1 M were prepared using anhydrous

methanol. Appropriate volumes of LiTFSI stock solution were added to each polymer
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vial to achieve nominal molar ratios of Li* to imidazole of 0.03, 0.1, or 0.3. The sample
vials were sealed, removed from the glovebox and frozen in LN, before being opened
and quickly transferred to a vacuum oven and dried in vacuo (1x10~2Torr) at room
temperature overnight, and then at 60 °C for 24 h. The samples were then transferred
to a high vacuum oven (3x107® Torr) at 60 °C for 24 h to ensure complete removal of
solvent. Finally, the samples were transferred into a nitrogen glove box for storage and

measurement.

Ionic Conductivity Measurement. Total ionic conductivity was measured as a
function of temperature on samples sandwiched between parallel ITO blocking elec-
trodes using electrochemical impedance spectroscopy (EIS). The ITO-coated glass elec-
trodes (Thin Film Devices) were cleaned by sonication for 5 min each in detergent, DI
water, acetone and isopropyl alcohol, followed by a 5min UV/ozone treatment. The
electrode thicknesses were measured using a micrometer, after which a double-sided
Kapton tape spacer with a 1/8” hole was added to one electrode. Polymer samples
were loaded into the hole in the Kapton spacer in a nitrogen filled glove box. Sam-
ples were heated to about 30 °C above their 7, before being sealed with a second ITO
electrode. All samples were then heated to 110°C and pressed in a hand press. The
final stack thickness was measured using a micrometer, and the sample thickness was
determined by subtracting the electrode thicknesses. EIS was measured with a Biologic
SP-200 potentiostat using a sinusoidal 100 mV signal from 1 MHz to 1 Hz at tempera-
tures ranging from 30 °C to 110 °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(0).[118] One sample was measured for each composition.

Thermal Characterization. Aluminum DSC pans were loaded with polymer sam-

ples in a nitrogen filled glove box and briefly exposed to air during sealing of the pans.
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The glass transition temperature (7,) of each sample was measured using a Perkin
Elmer DSC 8000 on second heating at 20 °Cmin~! at the midpoint of the step transi-

tion.

NMR. All "Li and '°F solid-state NMR experiments were performed on either a 4
mm double resonance (HX) magic angle spinning (MAS) probe or a Diff50 probe fitted
with either a 10 mm F or 7Li coil. All measurements were done on a 300 MHz
(7.05 T) SWB Bruker NMR spectrometer. The polymer samples were packed into 4 mm
MAS rotors by adding small amounts of polymer and centrifuging the sample down
at 10kHz for around 2 min each time, until the rotor was full. The rotor was packed
inside a nitrogen or argon filled glovebox. The packed NMR rotor was then either
used directly inside the 4 mm MAS probe or placed inside a 5mm NMR tube equipped
with a valve which kept an inert atmosphere around the sample. In both instances
the sample was then temperature controlled by a flow of N, gas at a rate of 800 Lhr™!
which ensured an inert atmosphere. The temperature for each probe was calibrated
using dry methanol and dry ethylene glycol at sub-ambient and elevated temperatures,

respectively.

The power level used for the 7Li on the Diff50 probe was either 100 W or 200 W with
a 90° pulse duration of around 16 us (15.6 kHz) or 11 us (22.7 kHz) respectively. The
power level used for the "Li on the 4 mm MAS probe was 76 W with a 90° pulse duration
of around 3.3 s (75.8 kHz). The power level used for the F insert on the Diff50 probe
was 50 W with a 90° pulse duration of around 11 us (22kHz). For all measurements,
a recycle delay of around 57} was applied before each scan when signal averaging, to
allow full relaxation. The "Li chemical shift was calibrated using a 1 M LiCl aqueous
solution (single peak at O ppm) while the '°F chemical shift was referenced against a

neat PFg sample exhibiting a doublet centered around 71.7 ppm.
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The T} relaxation times were measured using a saturation recovery or inversion
recovery sequence. The T}, experiments were measured by applying a spin-locking
pulse during evolution of the spins following an initial 90° excitation pulse. The spin-
locking frequency chosen here was 10 kHz for all samples. The PFG-NMR experiments
used a diffusion sequence which includes a stimulated echo to protect the signal from
T, relaxation, which is typically very short in these polymer systems. The diffusion
was measured using a variable magnetic field gradient strength sequence, where the

maximum gradient available was 2800 Gem™'.

The selection of gradient strength,
along with the gradient duration (¢) and diffusion time (A) were chosen for each
measurement to ensure an appropriate window on the decay curve was acquired. The
value of ¢ and diffusion time A never exceeded 10ms and 100 ms respectively and

were kept as low as possible while using the strongest gradient strength possible in

order to achieve the greatest possible signal to noise.

6.4 Results and Discussion

The PMS-10-Im polymer was designed to reduce polymer 7, and eliminate un-
wanted ion-polymer interactions through the removal of unnecessary polar functional
groups. The ionic conductivity of most polymer electrolytes is governed by Vogel-
Fulcher-Tamman temperature dependence, where free volume and segmental dynam-
ics (as measured by glass transition temperature, 7,) strongly affect ion mobility.[39,
157, 211] Thus, low T}, polymer electrolytes are favorable for higher conductivity per-
formance. In Chapter 4, we showed that backbone polarity is unimportant for ion con-
ductivity performance, emphasizing that backbone choice should focus on T} rather

than polarity.[215] Therefore, poly(methylsiloxane) was chosen for this study because

168



Dual Role of T, and lon Binding in Determining Conductivity and Lithium Transport in Polymer
Electrolytes Chapter 6

AN

/<o\gni% _N Thiol-ene éo\sl\lni% _N
Wns r\/l/\) NG HS{\/)[\/I/\/
7

_N
et ) _te2 - f} ——— sH * LG1\/HVJJ

5 5

Figure 6.2: Retrosynthetic analysis for synthesizing the amide-free imidazole-contain-

ing polymer. Amide-free imidazole thiol synthesized by Dr. Andrei Nikolaev.
it is non-coordinating and possesses low 7,.[156, 215] While the siloxane backbone
itself shows low T}, the T} increases by over 100°C upon functionalization with the
first-generation imidazole ligand.[215] We hypothesized the hydrogen-bonding capa-

bility of the amide functional group might be contributing substantially to this increase.

To assist in synthetic planning for the amide-free imidazole-containing polymer we
turned to retrosynthetic analysis (Figure 6.2). Attaching an amide-free imidazole-
containing sidechain onto the poly(methylsiloxane) backbone can be readily accom-
plished using alkene hydrothiolation reaction (thiol-ene) between poly(vinylmethylsiloxane)
(PVMS) and thiol-alkyl-imidazole.[4] We envisioned that synthesis of a thiol-alkyl-
imidazole sidechain could be achieved through sequential substitution reactions. Using
an alkyl chain bearing a leaving group (LG1 and LG2 in Figure 6.2) at each terminal
carbon allowed for two sequential substitution reactions, first with an imidazole then

with an SH™ source.

The amide-free imidazole-grafted siloxane polymer (PMS-10-Im) was compared to

the previously reported[215] amide-containing version (PMS-6-Amide-3-Im) to iden-
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Figure 6.3: Synthesis of the amide and amide-free imidazole-containing polymers.
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Polymer PVMS b Ty T, at r = 003 T, at » = 0.3
backbone cC) (O cO
M,, (kDa)
PMS-6- 29 1.60 —8 -6 13
Amide-3-Im
PMS-10-Im 19 1.29 —44 22 7

Table 6.1: Polymer backbone characteristics (M,,, D), as well as T, once functional-

ized, and after salt addition.
tify the result of targeted functional group removal. The two-step synthesis of PMS-6-
Amide-3-Im polymer commenced with an addition reaction between ~-thiobutyrolactone
and 1-(3-aminopropyl)imidazole to yield the corresponding thiol-containing product.
In the next step, this thiol-containing side chain was readily introduced onto PVMS
through hydrothiolation reaction under continuous irradiation with 365 nm light. The
three-step synthesis of PMS-10-Im began with a substitution reaction between 1-lithio-
1H-imidazole (generated in situ from imidazole and n-BuLi) and 1-bromo-7-chloroheptane
to yield the corresponding product a (Figure 6.3). In the second step, a substitution
reaction between a and sodium hydrogen sulfide (NaSH) furnished the corresponding
thiol product b (Figure 6.3). Utilizing light-driven hydrothiolation reaction between
thiol b and PVMS allows access to the amide-free imidazole-containing target polymer
PMS-10-Im (Figure 6.3). The successful synthesis of an amide-free imidazole grafted
polymer resulted in a decrease in polymer 7, from —8°C to —44°C (Table 6.1), sug-

gesting the amide was indeed detrimentally increasing 7.

The total ionic conductivity performance of these two polymers mixed with lithium
bis(trifluoromethanesulfonly)imide (LiTFSI) salt was compared using impedance spec-
troscopy. Figure 6.4 shows over two orders of magnitude improvement in the ionic
conductivity of the amide-free polymer electrolyte at room temperature, with the im-

provement decreasing to about an order of magnitude at 90 °C. This is a dramatic in-
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Figure 6.4: Ionic conductivity as a function of temperature, showing about two orders

of magnitude improvement in room-temperature conductivity through the removal of

the amide functional group.
crease in conductivity solely driven by the removal of the polar and hydrogen-bonding
amide functional group from the sidechains of the polymer electrolyte. This confirms
that targeted removal of unnecessary functional groups can greatly increase the total
conductivity performance. The curved nature of the conductivity data plotted in an
Arrhenius fashion suggests the influence of segmental dynamics on conductivity. To
ascertain the extent to which 7}, plays a role in conductivity improvement, the conduc-

tivity data can be normalized by 7},.

The removal of the amide functional group, PMS-10-Im, still results in a 10-fold
increase in conductivity over PMS-6-Amide-3-Im after normalization by the 7}, of each
sample (Figure 6.5). This T,-normalized representation highlights that 7, only ac-
counts for a little less than half of the conductivity improvement of the amide-free

polymer. Importantly, this suggests that the amide was also participating in ion solva-
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Figure 6.5: T,-normalized ionic conductivity still shows over a magnitude improve-
ment in the conductivity through the removal of the amide functional group, suggest-
ing that the conductivity increase is not solely governed by 7T}, effects.

tion and conduction.

Total conductivity as measured using impedance spectroscopy does not provide in-
formation on which ions contribute to the ionic conductivity. It is therefore unclear
from these measurements alone whether the amide interacts more strongly with the
Li* cation or TFSI~ anion. To probe individual ion mobilities in each electrolyte more
closely, these polymers were studied further using pulsed-field-gradient (PFG) and re-

laxometry NMR.

PFG experiments reveal an increase in the Li* ¢, from 23.8% for the amide-containing
polymer to 45.8% for the amide-free polymer at 72.7°C (Table 6.2). This arises from
a clear increase in the Li* diffusion constant for the amide-free polymer compared to
the amide-containing polymer. Conversely, the two polymers have roughly comparable

TFSI~ diffution constants, as expected since the TFSI~ ions do not interact significantly
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Diffusion Conductivity (x107°Scm™1)
Constants
(x107 B m?s 1)
TemP (OC) D+ D_ t+ (%) 04 0_ Ototal Omeasured
Amide-Free (r = 0.3)
72.7 1.68 1.98 45.82 0.573 0.677 1.25 0.605
81.4 3.06 4.22 42.02 1.02 141 243 1.17
Amide-Containing (r = 0.1)
72.7 1.03 3.29 23.84 0.106 0.340 0.446 0.231
81.4 1.92 6.19 23.67 0.193 0.624 0.817 0.538

Table 6.2: Lit (D,) and TFSI~ (D_) self-diffusion constants, Li* transference num-
bers, calculated conductivity arising from the Li* (o) and TFSI~ (o_), as well as
the total calculated conductivity (o;0,) and interpolated measured conductivity as
a function of temperature for an amide-free polymer with Li:monomer = 0.3 and
amide-containing polymer with Li:monomer = 0.1.

with the polymer. The slightly faster dynamics of the amide-containing polymer are

likely due to the lower salt concentration.

Li* ¢, measurements confirm that the amide group slows down the dynamics of
the Li* ions, which aligns with the conductivity data. Unlike the TFSI™ ions, the Li*
ions are expected to interact with the polymer side-chains, with definite interactions
with the nitrogen site of the imidazole[5, 215] and likely interaction with the amide
site. Therefore, the observed increase in conductivity through the removal of the amide
group can be attributed to a combination of decreased 7}, and selective enhancement

of the Li* dynamics.

PFG NMR also suggests that the fraction of ions not participating in the conduction
process is roughly equal for both polymers. This can be determined by comparing the
measured conductivity to the conductivity calculated using the self-diffusion constants
(D, and D_) determined from PFG NMR (Table 6.2). The measured conductivity is
about half that of the calculated ideal conductivity. The conductivity calculated from

PFG NMR does not account for any neutral pairs or clusters which do not contribute to
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Figure 6.6: T, decay curve measured at 55.2 °C for amide-free polymer requires a two
component fit, highlighting the existence of at least two Li envronments. Temperature
dependence of component 1 contribution is shown in the inset. NMR collected and
analyzed by Dr. Peter Richardson.
the conductivity. It is not possible to speculate whether the loss of the ions is solely from
the Li*, TFSI™ or likely a combination of both. However, since the difference is similar
for both polymers it is fair to assume that the observed increase in transference number
is reliable. The diffusion constants, transference numbers, calculated conductivity aris-

ing from the cation (¢ ), anion (¢_) and total calculated and measured conductivities

are summarized in Table 6.2 for both polymers.

The Li* ¢, may increase further at room temperature, matching the stronger con-
ductivity improvement of the amide-free polymer seen in Figure 6.4. The t, can be
estimated at room temperature by assuming that the self-diffusion values undergo
Arrhenius-type behavior. The extrapolated ¢, at 25°C are 54.8 % and 25.0% for the
amide-free (0.3 Li:monomer) and amide-containing (0.1 Li:monomer) polymer respec-

tively.
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NMR spin-lattice relaxation time in the rotating frame of reference (73,) reveals at
least two distinct Li environments exist in both polymers (Figure 6.6). T}, is sensitive
to multiple environments when they present distinguishable differences in dynamics;
the Li* in the polymer thus exists in a faster-diffusing and slower-diffusing environ-
ment. Since these two sites are present in both the amide-free and amide-containing
polymers they may correspond to Li*t bound to the imidazole (slower component) and
‘free’ Li* (faster component). The exact nature of the ‘free’ Li* cannot be determined
from these measurements. The measured self-diffusion constants discussed above are
thus a weighted average of the two sites. From these relaxation measurements it is
possible to determine not only the 7}, of each site but also the intensity correlating to
the distribution of the two Li™ sites. The contribution from component 1 (the faster dif-
fusing of the two sites, determined from the relavtive activation energies) is observed

to decrease with increasing temperature (Figure 6.6, inset).

6.5 Conclusion

In conclusion, we have shown that the ionic conductivity of polymer electrolytes
can be improved by orders of magnitude through rational polymer design. The removal
of the hydrogen-bonding and Li*-coordinating amide functionality in a metal—ligand
coordination polymer enabled a 100-fold increase in room-temperature total ionic con-
ductivity and a doubling of the Li* transference number. These results emphasize
the large gains that can be made in electrolyte performance through the targeted re-
moval of detrimental functional groups. Further improvements in electrolytes based
on metal—ligand coordination can be expected through choice of ligand moiety, as het-

erocycles offer tunability of their electronic and steric properties that can readily be
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exploited in structure-function relationship studies in the future.
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Chapter 7

Data Visualization and Statistical
Learning for Polymer Electrolyte

Design

7.1 Abstract

Visualization and statistical regression of compiled datasets can provide unique in-
sights that cannot be gained from individual material system studies. Herein, we de-
scribe the curation and analysis of a database of published polymer electrolyte con-
ductivity performance. We focus on solid, dry polymer electrolytes without additives.
Data was manually extracted from the literature and manipulated for visualization and
statistical regression. It was found that individual features, other than activation en-
ergy, are poor predictors of conductivity performance in the wide range of polymer
chemistries, lithium-based salts, and salt concentrations examined. The Meyer-Neldel

rule stipulating a strong correlation between conductivity prefactor and activation en-
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ergy is shown to hold universally for both Arrhenius and VFT representations. Statis-
tical regression techniques were employed to extract the most important features rele-
vant in determing conductivity in polymer electrolytes — these include polymer molec-
ular weight, glass transition temperature, existence of electronegative heteroatoms in
a monomer, and anion size. It is emphasized that the ability to use statistical regression
techniques on such a dataset is signficantly hampered by the lack of many processing
and structural parameters that may be relevant to ionic conductivity performance, and

the models trained herein can not be used for prediction of novel polymer electrolytes.

7.2 Introduction

Significant research effort over the past half-century has focused on the improve-
ment of ionic conductivity performance of solid polymer electrolytes.[32, 164, 241]
Solid polymer electrolytes show potential as safer, more mechanically robust, and more
chemically stable alternatives to organic liquid electrolytes currently used in electro-
chemical energy storage devices. However, their conductivity performance is at least
an order of magnitude below the required target for practical applications.[2] While
many reviews have been published on various classes of polymer electrolytes, there is
a lack of large-scale analysis of published data to extract fundamental understanding

and design predictions.

There are, of course, many detailed studies of specific polymer electrolyte fami-
lies describing design criteria, but it is unclear whether those parameters hold over a
broader range of polymer electrolytes. For example, in Chapter 5, we describe the
importance of low polymer 7, and intermediate ligand density in optimizing ionic con-

ductivity in imidazole side-chain grafted polysiloxanes.[215] However, other studies
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have compared polymers with low and high 7;, and shown that the 7}, is less important
than other chemical features of the polymer.[224, 242] Thus, while detailed studies
across a single polymer series are important for determining design rules within a cer-
tain class of materials (i.e. single polymer chemistry, single salt identity, single set of
processing conditions, etc.), it is possible that a study across a broader range of poly-
mer electrolyte materials could reveal design rules or insights that are hard to see when

looking at only specific systems.

Data visualization and machine learning have recently gained popularity in materi-
als science for improving understanding and predicting new compounds in a variety of
applications ranging from thermoelectrics,[243-245] to inorganic battery materials,[246—
250] to electronic materials,[251-253] to functional materials.[254-256] Polymers
have also been the subject of recent data-driven techniques, including the prediction
of polymer glass transition temperature, 7,,[257-259] exploration of new polymer
electrolytes,[260, 261] and prediction of gas diffusion in membranes.[262] Data vi-
sualization alone can be immensely powerful, both to extract trends in aggregate data
that may have been missed in smaller studies, as well as to highlight important gaps
in published literature that should be corrected.[263-265] The addition of machine
or statistical learning techniques can aid in situations where more complicated rela-
tionships exist between descriptors and the quantity of interest; in such cases simpler

visualizations that are accessible to humans do not readily show trends.[266]

While data mining, visualization and machine learning are powerful, they also have
limitations in their applicability to materials research in its current state. The first is the
difficulty of data extraction — this is currently a rather manual process for many ma-
terials studies, as data exists in figure and publication form rather than in pre-existing

databases. While natural language processing will no doubt aid in future efforts, cur-
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rent studies generally rely on manual extraction and require domain knowledge to
parse important features from each study. Data quality can also restrict the impact of
data mining efforts; many studies do not report all relevant processing parameters,
materials characteristics, and measurement conditions.[267] The limited size of many
of the datasets that can be manually extracted also creates issues related to questions
of data reproducibility, as it is more challenging to spot clear outliers in sparse datasets.
A small number of entries and a large number of possible descriptors can also signifi-
cantly impede machine or statistical learning techniques, which can suffer from severe
over-fitting either due to the small size of the dataset or the lack of relevant descriptors

reported in the original studies.

In spite of these limitations, data visualization and simple statistical analysis can
still provide insight into the state and future direction of solid polymer electrolytes. We
therefore set out to curate a database of polymer electrolytes for the visualization and
statistical learning of features that may be important predictors of ionic conductivity
performance. This study is limited to solid polymer electrolytes without solvent or
other additives, and includes a database compiled from 65 papers with 655 entries.
While the dataset includes a mix of crystalline and amorphous systems, with a wide
range of polymer chemistries and some varying polymer architectures (i.e. linear versus
branched), it does not cover block copolymers, electrolytes with additives, or single-ion

conductors. The scope is thus limited to lithium-based polymer + salt systems.

We find that no single parameter, other than activation energy, adequately corre-
lates with ionic conductivity performance over the entire range of polymers compiled
in this study. While some correlations exist for specific chemical identities, such as 7},
in a range of carbonate-ether copolymers, most polymer families do not actually show

strong trends with any of the features previously predicted to influence conductivity be-
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havior. Meanwhile, the strong correlation between conductivity and activation energy
can be explained due to the universality of the previously-reported Meyer-Neldel rule,
or compensation effect.[268-270] Statistical regression techniques reveal that the most
important features for the prediction of conductivity are polymer molecular weight
(MW), glass transition temperature (7}), existence of electronegative heteroatoms in
a monomer, and anion size. However, these features are not determinant, since the
removal of the two most important features (MW and 7)) still allows for adequate per-
formance prediction. Furthermore, efforts to limit data leakage in statistical learning by
grouping the entries by polymer and anion identity results in poor model performance,
and illustrates the difficulty in using such models for the prediction of previously unex-
plored polymer electrolytes. This underscores the general interdependence of features

and complexity of polymer electrolyte conductivity prediction.

7.3 Methods

The data used for this work was manually extracted from the literature. Papers
were selected from two major reviews,[32, 241] as well as from additional literature
searches. Data was restricted to solid polymer electrolytes without additives, where the
reported conductivity and characterization did not immediately look suspect. Random
copolymers were included, but block copolymers were excluded due to the existence
of additional factors complicating conductivity response, such as the possiblity for self-
assembly into more complex morphologies. The literature provides a wide range of
conductivity performance, but is likely skewed towards specific materials classes (e.g.
many more studies on ether-based polymers than other polymers). Attempts were

made to keep the distribution of polymer chemistries as even as possible, though over
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Figure 7.1: Distribution of polymeric functional groups and anions in entries included
for visualization data and statistical learning data. (a) Functional groups extracted in
this study include ethers, carbonates, esters, amides, and others. (b) Many Li-based
salts were studied, with the highest prevalence for TFSI~ and CF3SO;. (c) Entries
extracted for statistical regression shift the distribution of functional groups to lower
ether contents. (d) Upon dataset trimming for statistical regression, the prevalence of
TFSI™ anions increased.
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half of all polymers examined here incorporated ether functional groups; the fraction

of entries for the various functional groups and Li salt identities is shown in Figure 7.1.

Conductivity values and 7, values presented in figures were extracted using WebPlot-
Digitizer.[271] Additional descriptors, such as polymer molecular weight, processing
conditions and salt concentrations were extracted from the text, tables or figures. For
procedures with multiple drying or processing steps, the most rigorous (highest vac-
uum or temperature) processing step was included. When no drying vacuum was
mentioned, it was assumed that no vacuum was used. For electrolyte concentration
series where some 7}, values were provided but others were omitted, the 7}, versus salt
concentration data was interpolated to extract approximate 7, values for intermediate
salt concentrations. Electrolyte conductivity as a function of temperature data was fit
to Arrhenius (Equation 7.1) and VFT conductivity functions. For VFT fitting, two meth-
ods were used — the first kept 7} as a fit parameter (Equation 7.2), while the second

set Tj to T, — 50, when T}, was provided (Equation 7.3).

—F
o= Aexp (k3;> (7.1)
1 -B
o=AT2exp (T — To) (7.2)
-B
= AT 2 exp | v :
7 " exp (T—Tg—|—50> (7:3)

After data retrieval, Python scripts were developed to clean and organize the data
for visualization and statistical regression. An approximate polymer molecular weight

was extracted as an additional column which was either the number-averaged molec-
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ular weight (M,,), when provided, or the weight-averaged molecular weight when M,
was not provided; if no molecular weight was provided, the column was left blank. The
solvent used for the processing steps was listed by its boiling point. In addition to the
features extracted from the publications, chemical descriptors were calculated based
on the polymer and anion identity. The MORDRED library[272] was used to calculate
polymer and anion descriptors after manual input of the monomer and anion struc-
ture in SMILES format. BigSMILES notation has been suggested for use with polymer
systems,[273] but is not yet compatible with Python libraries such as MORDRED and
was therefore not used in this study. For some monomer structures, manual correction
of number of hydrogen bond donors and acid groups was necessary due to the implicit
addition of hydrogens to dangling bonds (e.g. C-O becomes C-OH). For the PF; anion,
many MORDRED ExtendedTopochemicalAtom parameters were not calculable because
the bonding count to the central atom is greater than 4; for these values, the average
of that column for all the other anions was substituted. Only a subset of the full list of
chemical descriptors were calculated using MORDRED; those parameters that are ex-
pected to most influence physical and electronic structure were included. A list of the
descriptors manually collected and used for visualization can be found in Table 7.1;
the subclasses of descriptors calculated using the MORDRED library are Polarizabil-
ity, HydrogenBond, RotatableBond, VdwVolumeABC, Weight, AcidBase, AtomCount,

ExtendedTopochemicalAtom, and KappaShapelndex.

The data was then visualized using MatPlotLib[274] and Seaborn in Python, as
well as using Plotly and Dash as a webpage.[275] The webpage includes pages for
visualization of data trends, conductivity plotting, a view of the correlation matrix of
the descriptors used in the statistical regression portion of the study, and links to the

curated dataset as well as the original paper DOIs. This webpage is accessible to the
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Polymer characteristics Processing/Performance Salt characteristics
characteristics

Polymer functional groups Conductivities at 0°C to Anion identity
125°C

Polymer Lit ¢, salt concentration

SMILES comonomer 1 VFT/Arrhenius prefactors  (Li:functional group)

SMILES comonomer 2 VFT/Arrhenius activation
energies

Comonomer percentage Lit diffusion coefficient

T, viscosity

T, w/out salt storage modulus

is crystalline? young’s modulus

T, solvent used

M,, or M, drying temp

b drying vacuum

chain architecture

Table 7.1: List of manually collected descriptors.

larger community for additional exploration of dataset trends.

After visualization, the dataset was pruned further for statistical regression analysis.
Ordinal categorical features such as crystallinity and vacuum strength used for the
drying procedure were converted into sequential numbers, while chain architecture
was converted to arrays using one-hot encoding. When no explicit electrolyte drying
temperature was provided, 25 °C was assumed; when no drying time was provided, a

nominal time of 8 h was entered for the dataset used for statistical learning.

Many features were dropped from the initial data set to optimize for a maximum
number of entries while still including the most relevant features expected to contribute
to conductivity performance. This feature selection was necessary since many entries
had missing values for many features. Dataset manipulation and regression techniques
were implemented in Python using the Scikit-Learn library. [276] After removing all
entries with missing values, the dataset was split into a training and a test set, with 20%

of the entries (55 entries) in the test set. Highly correlated features (with a correlation
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> 0.99) were dropped from the features list, after which recursive feature elimination
on the training data using a random forest algorithm and 5-fold cross-validation further
reduced the number of features to an optimized amount. The final dataset used for
statistical regression had 271 entries and 37 features. The target property for prediction
was chosen as the base-10 logarithm of the total ionic conductivity at 60 °C, as this was
the temperature at which the most entries recorded conductivity (389 entries from the
original 655, or 60% reporting). The reduction from 389 to 271 entries is due to other

missing features such as 7, and approximate molecular weight.

We then used machine learning models implemented in SK-Learn to explore fea-
ture importances in predicting conductivity performance. A pipeline was constructed
for data manipulation and fitting — this includes standardizing then normalizing the
data before fitting the data with the appropriate regression model. A simple dummy re-
gressor was compared to ridge regression, random forest regression, gradient boosting
regression and extra trees regression models. These models were chosen as they enable
extraction of feature importances. Grid search and 5-fold cross-validation were used
on the training data to optimize model hyper-parameters for each algorithm, taking
care to set the random state for reproducible cross-validation splits for each algorithm.
Mean squared error was used as the scoring criterion. The hyperparameters were tuned

using grid search to select the best parameters for each algorithm.[276]

Once the hyperparameters were selected, the different algorithms were compared
against each other, again using 5-fold cross-validation. Averaged mean squared error,
averaged mean absolute error and averaged R? were all evaluated as scoring criteria.
All algorithms were then re-trained on the entire training dataset and the top 10 most
important features were compared between the models. Lastly, the trained random

forest model, which provided the best performance on the cross-validated training data,
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was evaluated on the test dataset.

In addition to a randomized dataset splitting into test, train and validation sets,
grouped splitting was also attempted using Scikit-Learn’s GroupShuffleSplit and Group-
KFold. This splitting eliminates any data leakage between the train and validation or
test sets for the groupings that were selected. Groupings were done by polymer type,
as well as polymer+anion, which elimiates the possibility of that electrolyte combina-
tion occurring in both the training and validation/test datasets just at a different salt
concentration or different processing conditions. Feature reduction using correlations
and recursive feature elimination, pipeline construction, model hyperparameter tuning,
and model fitting was repeated as before except with the additional constraint of using
grouped splits for train-test split and cross-validation. Performances were compared

between models, but were too low to motivate future model exploration.

7.4 Results and Discussion

The goal of this study is to explore trends in conductivity performance over the vast
array of published work on solid polymer electrolytes. Through a combination of data
mining, visualization, and statistical regression techniques, we have attempted to ex-
tract the most important features and predictors of ionic conductivity in additive-free
polymer electrolyte systems. The work-flow followed in this study is shown in Figure
7.2. We began by selecting publications containing solid polymer electrolyte conduc-
tivity data, with an attempt to explore the performance from a representative range of
polymers/functional groups found in the literature. After manual data extraction, the
dataset was cleaned using Python, and additional descriptors for polymer and anion

identity were calculated using the MORDRED library.[272] The full dataset was used
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for manual and web-assisted visualization of trends, while a smaller cleaned data set
with the removal of rows and columns containing empty values was used for subse-

quent statistical regression analysis.
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Figure 7.2: The visualization study included manual extraction of data from rele-
vant literature, calculation of relevant chemical descriptors, manual visualization us-
ing Python and a custom webpage, and statistical regression implemented using the
Python scikit-learn library.

A large number of papers have been published on polymer electrolytes since the dis-
covery of the ion-conducting properties of poly(ethylene oxide) in the late 1970s.[3]
These studies range from fundamental explorations of the mechanisms of ionic conduc-
tivity, to more applied efforts to increase conductivity performance to relevant levels
for application. As such, a wide range of polymer materials, lithium-based salts, ad-
ditives and processing techniques have been studied. In an effort to limit the scope

of this data mining study to a subsection that is feasible for manual collection, we
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have decided to focus specifically on polymer-salt electrolytes without additives such as
plasticizers, ionic liquids or inorganic fillers. This approach explores fundamental ion
transport mechanisms in polymers — once additives are mixed into the polymer elec-
trolyte, ion transport mechanisms can alter substantially, reducing the ability to draw

cohesive conclusions from a single subset of studies.

For this study, 655 conductivity samples from 78 polymers and 65 papers were se-
lected from reviews and primary literature for data extraction and examination. Trim-
ming the dataset for statistical learning reduced these numbers to 271 entries from 50
polymers. Figure 7.1 shows the distribution of polymer classes and anions of the data
examined in this study for data visualization (a,b) and statistical learning (c,d). Some
polymers contained more than one functional group, either due to co-polymerization
or because the monomer contained multiple functional groups — the visualizations
here show the percentages for each functional group, such that polymers with mul-
tiple functional groups will contribute to each functional group percentage. For data
visualization, functional groups listed in the ‘Other’ category include phosphazene (14
entries, 1.64%), phenyl (12 entries, 1.41%), sulfonyl (5 entries, 0.59%) and carbonyl
(4 entries, 0.47%). The anions included in the ‘Other’ category include MPSA~ (6 en-
tries, 0.92%), AICL, (6 entries, 0.92%), N(SO,C.F;)~ (4 entries, 0.61%), I~ (4 entries,
0.61%), SCN~ (2 entries, 0.31%) and FSI~ (1 entry, 0.15%).

Trimming the dataset for statistical learning led to an improvement in the distribu-
tion of functional groups, but weighted the anion choice heavily towards TFSI~ (see
Figure 7.1c,d). For statistical learning, functional groups listed in the ‘Other’ category
include acrylates (6 entries, 1.56%), alcohols (4 entries, 1.04%), and carbonyls(4 en-
tries, 1.04%). The anions listed in the ‘Other’ category include N(SO,CsF5)~ (4 entries,

1.48%), BF,; (4 entries, 1.48%), SCN~ (2 entries, 0.74%) and FSI~ (1 entry, 0.37%).
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While this imbalance may lead to difficulties in the prediction capability for statistical
learning models, this is unavoidable due to the lack of complete literature data for

many publications.

Data quality and completeness is a continuous concern in scientific research, and
was an issue for many of the manuscripts examined for data extraction for this study.
In both older and more recent literature, instances of missing processing parameters
(polymer-salt mixing solvent, drying procedures, etc.), polymer properties (molecular
weight, dispersity), and electrolyte properties (glass transition temperature, lithium
transport number) were prevalent and limited the scope of the current study. This is
a commonly-discussed issue in materials data-mining and machine learning studies,
where the ability to draw conclusions based on published data is hindered by the lim-
ited knowledge of the large number of factors that can affect material performance.[257,
267] To balance data completeness and overall data quantity, all data was included for
the manual visualization component of the study, while a subset of relevant features
were selected for statistical learning. Further, the low overall quantity of data, rela-
tive to fields where statistical regression and machine learning have been traditionally
applied, prevents easy visualization of outliers. In this work, an attempt was made to
filter studies with questionable data quality (i.e. lack of reasonable drying conditions
for polymers, suspect impedance spectroscopy curves, etc.), but more work should be
done in carefully and systematically characterizing processing parameters for polymer

electrolytes in order to validate and explore the conclusions presented here.

7.4.1 Data visualizations

The large body of fundamental studies on polymer ion transport mechanisms sug-

gests some key features that are likely to show predictive trends in ionic conductiv-
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ity performance. These include the polymer electrolyte glass transition temperature
(T,),[26, 39, 42] conductivity activation energy,[43] anion size and electrostatic in-
teraction with the Li*,[277, 278] polymer dielectric constant,[37, 105, 161-163, 170]
and salt concentration.[4, 60, 279] These features have been compiled (where possi-
ble) for all data extracted from the literature, and each feature is plotted against the
electrolyte ionic conductivity at 60 °C in Figure 7.3. While some features show rea-
sonable correlation to the ionic conductivity (e.g. Arrhenius activation energy, F,), all
features still show significant scatter in conductivity performance. That is, for a single
value of T,, E, or other feature, the reported ionic conductivities still vary by multiple
orders of magnitude. This underscores the difficulty of extracting a single feature or

electrolyte descriptor that can be used to predict or explain conductivity performance.
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Figure 7.3: Scatter plots showing the lack of correlation between most features and
the total ionic conductivity at 60°C. Some correlation exists for 7, and activation
energy (F,).

To aid in the data visualization procedure, a website was constructed that enables
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interactive data analysis (Figure 7.4, website link). The visualizations page allows a
user to plot any two features against each other to explore possible trends and correla-
tions. Further manipulation is available through color, as well as through specific filter
drop-down menus that allow a user to limit the scope of the plotted data to a specific
polymer family, publication DOI, salt identity, etc. The ability to explore trends from a
specific feature in a sub-set of the extracted data aids in forming an understanding of
possible correlations within a polymer family, etc., that might not translate across the
entire spectrum of studied polymer electrolytes. Additional pages in the site allow a
user to explore the raw conductivity data (with the ability to plot the data in Arrhenius,
VFT, and temperature formats), feature correlations, and links to access the compiled

data spreadsheets and original papers referenced in this study.
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Figure 7.4: Screenshot of website created for interactive visualizations, temperature
plotting, feature correlations, and access to the curated data spreadsheet and litera-
ture DOls.

A combination of domain-specific knowledge (i.e. hypotheses of which features
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might be important) along with the interactive interface of the created website allows
for the exploration of features known or expected to influence ionic conductivity per-

formance in solid polymer electrolytes.

A commonly discussed polymer characteristic that is expected to influence conduc-
tivity performance is polymer 7,.[26, 39, 42, 43, 215] From a fundamental perspective,
the local polymer segmental relaxation/re-arrangement time rather than the bulk 7} is
expected to govern ion mobility by affecting ion hopping rates through rubbery polymer
electrolyte.[43] However, many studies use 7}, as a proxy for more local dynamics due
to the generally strong correlation between the polymer 7, and segmental relaxation
dynamics. Individual studies on polymers ranging from polyethers [278] to siloxane-
grafted imidazoles (Chapter 5) have shown that a lower polymer T}, generally improves
the ionic conductivity. In fact, this is a common design strategy cited in the literature

in the search for higher-performance polymer electrolytes.[32, 164]
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Figure 7.5: T, is not a good predictor for ionic conductivity for all polymer classes; (a)
while a lower T, leads to higher conductivities for polymers with carbonate and ether
functional groups, there is no trend for (b) pure polyethers, and a slightly positive
trend for (c) pure polycarbonates.

As Figures 7.5a-c show, the glass transition temperature is not the sole indicator of

ionic conductivity performance in most polymer electrolyte classes. Copolymers based

on carbonate and ether functional groups seem to show a clear trend with 7}, while
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the more general class of purely ether-based polymers shows no clear trend with 7},
Interestingly, polymers with only carbonate functional groups even seemed to show
slight reversal of the expected conductivity trend with 7, though the limited data for
this family makes drawing broad conclusions challenging. The ether and carbonate
polymer families are more likely to be semi-crystalline, which might play a role in the
importance and applicability of 7, as a metric. It is also possible that differences in
processing parameters (e.g. solvent identity, drying time, measurement conditions) is
affecting the reproducibility of trends seen in individual studies. However, the lack of
a clear universal trend in conductivity with polymer 7}, also underscores the difficulty
in attempting to find proxies for fundamental parameters expected to control ionic

conductivity.

It is also relevant to note that some classes of polymer electrolytes, especially those
with high 7} s and rigid backbones, are expected to follow a more solid-like conductivity
mechanism in which local re-arrangements are less important, and ions hop through
pre-existing pathways in the rigid structure.[32, 43, 157, 280] While such a mecha-
nism is not expected for most polymers reported here, the possibility for conductivity
mechanisms spanning these two extremes is also important to consider. Intermediate
mechanisms of ion transport can be described by dynamic percolation theory,[226—
229] in which both the ion hopping and segmental re-arrangement timescales are rel-
evant to consider. In the first extreme, ion hopping is much faster than segmental
re-arrangement, and a solid-like conduction mechanism is observed. The other ex-
treme results in a liquid-like mechanism, where segmental re-arrangements dominate
the conduction behavior. The continuum between these two extremes suggests that
perhaps both segmental re-arrangements — possibly explained by 7, — and ion hop-

ping — governed by functional group identity, polymer structure, etc. — are important
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for conductivity performance.

Anion identity has also been suggested to correlate with conductivity performance
in individual polymer studies,[277, 278] but does not provide a strong prediction of
ionic conductivity in the aggregated data set (Figure 7.3f). While anion identity plays
a role in enabling salt dissociation within the polymer, other factors such as polymer
polarity, cation solvation ability, salt concentration, and ion aggregation also can affect
ion mobility. This underscores the realization that many features work in concert to

influence ionic conductivity, resulting in sometimes limited information gained from a

single descriptor.
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Figure 7.6: (a) Arrhenius (b) VFT with freely-varying Tj and (c) VFT with T, = T;,—50
activation energies correlate somewhat with ionic conductivity, though outliers and
data spread exist. (d-f) In general, both Arrhenius and VFT activation energies cor-
relate strongly with their conductivity pre-factors, confirming the generaltiy of the

Meyer-Neldel rule.

The activation energies extracted from conductivity-vs-temperature plots for the
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various collected data suggests a correlation between the Arrhenius activation energy
and the conductivity, with a much weaker trend for VFT-based pseudo-activation ener-
gies (Figure 7.6a-c). Activation energy represents an estimate of the hopping barrier
for ion mobility through the polymer matrix. Thus, it is perhaps unsurprising that a
lower energy barrier for motion generally results in higher overall conductivity per-
formance. What is surprising, is that the Arrhenius E, provides a stronger correlation
than the pseudo-activation energy obtained from VFT fits. Most polymer electrolyte
performance extracted in this study was better represented in VFT format compared to
Arrhenius. However, since the conductivity of most samples is measured over a rela-
tively small temperature range, Arrhenius and VFT fits are generally not widely variant
from each other, which could explain the relatively strong trend between Arrhenius
activation energy and conductivity. Nevertheless, the VFT activation energy parame-
ter exhibited a larger spread in values obtained through the fitting program, and does
not provide as clear of a trend in conductivity performance. One possible explanation
is the increase in free fitting parameters for a full VFT equation, resulting in greater
uncertainty of the obtained fit values.[268] It is also possible that the more exact fit
provided by the VFT equation captures experimental error inherent across the spread
of publications, while the Arrhenius fitting essentially smoothes out uncertainty and

€rror.

The strong correlation between activation energy and Arrhenius or VFT pre-factor
was also confirmed to hold over the entire range of polymers examined in this study
(Figure 7.6d-f). Known as the Meyer-Neldel rule, isokinetic relationship, or compensa-
tion effect,[268-270, 281] this correlation has been examined for activated processes
in a number of inorganic and organic materials, including poly(ethylene oxide) follow-

ing Arrhenius temperature dependence,[281] and single-ion conducting polymers with
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VFT behavior.[268] It was already suggested in 1990 that the Meyer-Neldel rule should
be a very general result for all systems with large activation energy. Indeed, visualiza-
tions of these correlations over such a wide range of polymer families, salt identities
and salt concentrations emphasizes the universality of this correlation effect for both
Arrhenius and VFT conductivity equations. The E, versus prefactor plot for Arrhenius
fits shows that chemical environment (e.g. solvation functional group, anion identity,
etc.) does not appreciably affect the slope of the correlation. The microscopic un-
derstanding of this correlation has been described in terms of the connection between
activated hopping energy (enthalpy) and the number of pathways that are available for
hopping (entropy).[269, 281] This seems to hold similarly for all polymer electrolytes

examined here.

The visualization results discussed above emphasize the difficulty in determining
universal predictors for conductivity performance in additive-free solid polymer elec-
trolytes. While we have discussed a few of the likely important features in the text
above, we emphasize that additional features describing anion and polymer properties
(including un-characterized or un-reported features such as ion aggregation structure)
are likely to play a role in determining conductivity performance. For those descriptors
that are documented, we now turn towards statistical regression techniques to extract
more complex relationships between the various features and the total conductivity

performance.

7.4.2 Statistical regression analysis

Statistical regression and machine learning present appealing opportunities to un-
cover trends and connections in datasets that are not immediately apparent to humans.

This is generally the case when many of the possibly important features do not seem
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to strongly correlate with the property of interest (e.g. conductivity), as was discussed
above. A general trade-off exists between model prediction capability and interpretabil-
ity; simple models are easily interpretable but often do not achieve the same prediction
capability compared to more complex models.[266] Since the goal of the statistical re-
gression implementation in this instance is to extract important descriptors, relatively

simple regression models were chosen.

Many features that were included in the manual visualization portion of the study
were dropped for the statistical regression. Most were dropped due to lack of data for
many of the polymer entries. However, we also chose to drop the activation energy and
prefactor terms from Arrhenius or VFT fits. Due to the strong correlation between the
activation energy and conductivity prefactor, once one of the two parameters is known,
the other is easily estimated (see discussion above and Figure 7.6d-f). These two pa-
rameters are the only values needed to calculate conductivity at any temperature using
the Arrhenius or VFT equations. In effect, the activation energy fully describes the con-
ductivity at any temperature. We therefore chose to remove these features from the
statistical regression to avoid data leakage between the features and the target predic-
tion value, the ionic conductivity. Highly correlated features (with correlation factors
above 0.99) were also removed from the feature list to improve the interpretability
of feature importances. Lastly, recursive feature elimination was used to optimize the
total number of features used during learning, in an attempt to reduce the propensity

for overfitting.

While a Random Forest (RF) regression model provided the best fitting performance
compared to Ridge, Gradient Boosting (GB) and Extra Trees (ET) regression models,
all models exhibited signs of overfitting. Figure 7.7 and Table 7.3 show the averaged

5-fold cross-validation root mean squared errors, mean absolute errors, and R? for the
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Figure 7.7: (a) Root mean squared error (b) mean absolute error and (c) R? per-
formance metrics comparisons for dummy, ridge, random forest, gradient boosting
and extra trees regression using 5-fold cross-validation. All statistical regressions per-
form better than the dummy regression, with random forest performing best on the
validation sets in all metrics.

different models compared to a dummy regressor model where the mean conductivity
value is always chosen. The optimized hyperparameters are listed in Table 7.2. All
models show significant improvements in fitting performance over the dummy model,
with RF regression consistently having the best performance for the validation set using
each scoring metric. The linear nature of ridge regression seems to limit its ability
to adequately learn from the training data, with much lower R? and higher errors
compared to the nonlinear tree algorithms. All models show worse performance on
the validation sets compared to the training sets, suggesting overfitting is an issue.
This is most significant for the GB and ET regression models. It is interesting to note,
however, that the performance of the models on the same cross-validated training set
did not significantly improve after elimination of highly correlated features, or after
the recursive feature elimination. This suggests that rather than there being too many
features, the issue with overfitting arises either from a lack of appropriate features,
or from the small dataset size which results in a higher impact of possible outliers.

General noise in the conductivity performance data thus likely plays a large role in the
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Model
Ridge
Random Forest

Parameters
o = 0.01
max depth = 10

n estimators = 50
Gradient Boosting max depth = 6

n estimators = 500
Extra Trees max depth = 10

n estimators = 500

Table 7.2: Hyperparameters optimized for each model

ability to create highly robust statistical models.
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Figure 7.8: Top ten electrolyte features extracted from trained (a) ridge (b) random
forest (c) gradient boosting and (d) extra trees regression models. All tree-based mod-
els rank approximate 7, and polymer approximate molecular weight highest, followed
by salt concentration, monomer characteristics such as the presence of heteroatoms,
and anion molecular bulk (‘alpha’).

All regression models show similar features to be most important at predicting con-

ductivity performance, with the higest variance in features seen in the Ridge regression

model. Figure 7.8 shows the top 10 most important features selected by each model

after optimization and training on the entire training dataset.
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Metric Dummy Ridge Random Gradient Extra Trees
Forest Boosting
Train
RMS Error 1.22 0.59 0.27 0.0003 0.1
Mean Absolute Error 1.02 0.43 0.18 0.0003 0.06
R? 0 0.77 0.95 1 0.99
Validation
RMS Error 1.22 0.78 0.64 0.66 0.63
Mean Absolute Error 1.03 0.55 0.46 0.43 0.41
R? —0.03 0.59 0.71 0.7 0.73
Dropped MW, T, Ridge Random
Forest
Train
RMS Error 0.76  0.29
Mean Absolute Error 0.57 0.20
R? 0.61 0.94
Validation
RMS Error 0.92 0.68
Mean Absolute Error 0.67 047
R? 0.42 0.69

Table 7.3: Cross-validated performance of all tested models
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In all tree-based models, the top two most important features are the approximate
molecular weight and the approximate 7, of the polymer. The approximate 7, uses
the 7, of the electrolyte, where provided, and otherwise substitutes the T}, of the pure
polymer without salt added. Based on the discussion above, this is expected to be a
good indicator of performance for some functional groups, while for others the trend
was less clear. However, the previous analysis was using only T, as a predictor, while
in the regression models 7, is one of multiple features that is aggregated to predict
performance. Almost equally important is the approximate molecular weight of the
polymer electrolyte, which is the number-averaged molecular weight where provided,
and otherwise the weight-averaged molecular weight. Previous studies have suggested
molecular weight is an important factor for oligomeric systems, while it ceases to be im-
portant above a threshold value.[282] This was attributed to the link between polymer
molecular weight and 7, at low molecular weights. However, the approximate molec-
ular weight and ionic conductivity for the entire aggregate data shows only very weak
correlation (Figure 7.9), suggesting that this feature is only important when combined
with additional features within the regression models. Interestingly, ridge regression
does not suggest polymer MW is one of the most important features, though it does

extract the negative correlation between ionic conductivity and 7.

Salt concentration is also a common feature shared in the tree-based trained mod-
els, again suggesting that in conjunction with polymer 7, and molecular weight, it can
play an important role in conductivity performance. Again, ridge regression does not
rank this feature in the top 10; there, it is feature 16. Nevertheless, ridge regression
provides a positive (though relatively weak) correlation between salt concentration and
ionic conductivity. Many studies exploring the role of salt concentration at relatively

low concentrations have shown that conductivity is nonmonotonic with salt concen-
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Figure 7.9: A correlation matrix of the 37 features used for statistical regression show
generally weak correlations, though some monomer features are still correlated with
each other, possibly slightly affecting feature importance rankings.
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tration, reaching a maximum at intermediate salt concentration.[4, 213] At higher
salt concentrations (e.g. over 50 wt%), another improvement in conductivity seems
to occur;[32] the sign of the coefficient for ridge regression possibly emphasizes the

higher overall conductivities seen at very high salt concentrations.

Monomer features also contribute to the ionic conductivity performance, and in-
clude measures of monomer complexity and presence of electronegative heteroatoms.
Monomer complexity is captured through the branching coefficient (‘eta BR’), measure
of unsaturation (‘dBeta’), and connectivity of the molecular graph (‘eta’); the negative
branching coefficient in ridge regression suggests less complex monomers tend to per-
form better. Heteroatom presence is captured through a functionality index denoting
the presence of heteroatoms (‘eta F’), a measure of the count of electronegative atoms
in the polymer (‘epsilon 5’), and a measure of hydrogen bonding or polar surface area
of the monomer (‘psi 1’).[283, 284] Heteroatoms play an important role in salt dissoci-
ation, ion solvation and ionic conduction, and thus it is unsurprising that they dominate
the monomer feature importance. However, the importance of heteroatom optimiza-
tion for improved Lit*, rather than total, conductivity is not determined here because

the performance metric observed in this study is total ionic conductivity.

For important anion characteristics, the measure of anion molecular bulk (‘alpha’),
oxygen atom count (‘nO’) and number of hydrogen bonding acceptors (‘nHBAcc’) all
seem somewhat important in determing ionic conductivity. Individual studies have
shown that larger anions (e.g. TFSI~) dissociate more readily and result in higher
ionic conductivity compared to smaller anions (e.g. ClO;);[285] while the general ag-
gregate data does not show a strong trend in conductivity versus ion identity, statistical

regression confirms anion size importance on conductivity performance.

The true importance of some of the top features (averaged 7T}, and averaged molec-
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Figure 7.10: Re-training the ridge and random forest regression models after the
removal of the T, and molecular weight features leads to a small increase in root mean
squared error (a), and a slight reshuffling of most important features (b), though the

trends remain the same.
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ular weight) is somewhat low, as can be seen by re-training ridge and RF regression
models on datasets that have those features removed. The 5-fold cross-validated errors
are compared to the original errors of all models in Figure 7.10a. Tabular values are
given in Table 7.3. While the mean validation errors do increase, the increase is rather
small, implying that other electrolyte features provide reasonably identical predictive
capability. The top features still include monomer features emphasizing electronega-
tive atom count (‘epsilon 5’) and heteroatom presence count (‘eta F’), as well as anion
molecular bulk (‘alpha’), but also emphasizes drying vacuum as a processing parame-
ter (see Figure 7.10b). It is likely that the existing correlation between the remaining
features and the approximate 7, and molecualr weight is enough to provide reasonably
similar predictive capabilities. This is likely caused by artifacts in feature correlations

that arise in small datasets.

Notably, the ordering and importance of specific features on ionic conductivity
seems to be somewhat model-dependent, and the omission of the top features does
not appreciably affect model performance, underscoring the complexity and inter-
dependence of the many features used as predictors in this study. This may be partly
be explained by correlations within calculated monomer features, as well as within the
calculated anion features (Figure 7.9), though trained models with and without highly

correlated features showed similar predictive performance.

When models are trained without polymer-anion groupings preventing leakage be-
tween test and train, the prediction capability of the best-performing random forest
regression algorithm is reasonably high, as can be seen from a plot of predicted versus
actual conductivity performance of the training and final test data sets (Figure7.11).
The R?, root mean squared error and mean absolute error are 0.74, 0.55 and 0.38,

suggesting that on average the test data was predicted to 5x the actual conductivity
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Figure 7.11: Prediction of conductivity performance can be best visualized by plotting
actual versus predicted conductivity for both the training data and test data for the
optimized random forest regression model. Most data falls within half an order of
magnitude of the expected values, with a few outliers.
value. There are a few outliers within the data shown in Figure 7.11, but this error is
within expected noise of conductivity measurements given the widely varying process-

ing parameters and data quality that could not be accounted for in the data analysis

due to lack of publication information.

Critically, however, once the dataset splitting between train, validation and test
is done by grouped polymer-anion entries, model performance drops precipitously,
underscoring the inability of the models to predict polymer electrolyte performance
for polymer-anion combinations that they have not previously seen during training.
Recursive feature elimination in this case removes all but seven features to use for
model training — these are approximate 7}, approximate molecular weight, the log10
of lithium to functional group ratio (salt concentration), comonomer 2 measure of het-

eroatoms (‘eta F’), comonomer 2 molecular graph complexity (‘eta RL’), comonomer
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Metric Dummy Ridge Random  Gradient Extra Trees
Forest Boosting

Train

Root Mean Squared Error 1.12 0.80 0.24 0.11 0.14

Mean Absolute Error 0.94 0.62 0.17 0.08 0.09

R? 0 0.49 0.95 0.99 0.99

Validation

Root Mean Squared Error 1.13 092 0.89 0.89 0.83

Mean Absolute Error 0.94 0.72  0.65 0.67 0.62

R? —-0.02 0.32 0.37 0.36 0.44

Table 7.4: Cross-validated performance of all tested models when implementing poly-

mer-anion grouped train-validation-test splitting.
2 measure of electronegative atom count (‘epsilon 1°), and anion number of hydrogen
bond acceptors. The model performances are shown in Table 7.4. The averaged R? fits
for the validation sets are all less than 0.5, indicating poor predictive capability. Thus,
while models perform reasonably well at understanding and predicting performance
when the polymer and anion identity is not changed between the training and valida-
tion sets, once the validation set has significantly different characteristics compared to
the training set, the models explored here struggle to recover predictive understand-
ing. This suggests that perhaps the learnings obtained from a subset of polymer-anion
combinations do not apply to other polymers or anions, and aligns well with the vi-
sualization results presented in Figure 7.5, where the 7 ,—conductivity trends of differ-
ent polymer families can vary widely. The low performance of the models trained on
grouped data emphasizes that such models should not be used to predict new poly-
mer chemistries that are not related to those polymer-anion electrolyte combinations

explored within the training data.
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7.5 Conclusions

The analysis of aggregated data from the literature provides insight both into the
applicability of design rules across a large range of polymer classes, as well as into the
difficulties and uncertainties associated with data quality and quantity. While studies
on individual polymer families show correlations between T}, anion size, and ionic
conductivity, the aggregated data has much weaker trends in most features known or
expected to control ion conduction. Open-access web-based visualization will enable
additional trends to be explored by us and other researchers. In the meantime, sta-
tistical learning on the aggregated data corroborates the importance of features such
as T,, monomer electronegative atom count, and anion size. However, the models ex-
plored here are highly susceptible to overfitting, and show only small reductions in
performance when the two most important features are left out. This suggests a highly
correlated network of features from which no single feature dominates the landscape.
Additionally, constraining train-validation-test splittings to occur along polymer-anion
groups results in poor model performance, emphasizing that the prediction and de-
sign of novel high performance polymer electrolytes is a challenging task that is not
captured by the simple models or range of features explored in this study. Because of
the relative lack of trends in existing databases, it is possible that other features such
as processing metrics that are not commonly reported may be important in control-
ling ionic conductivity in these polymer systems. Future work in the field of polymer

electrolytes must therefore focus on data qualtiy and completeness.
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Chapter 8

Conclusion and Outlook

The field of ion-transporting polymers is highly active, with rich research detailing
both fundamental understanding of ion motion and ion-polymer interactions, as well
as more applied research exploring performance improvements for applications. This
dissertation spans both fundamental and applied aspects of polymer electrolytes, begin-
ning with mechanistic studies of the interplay between polymer mechanics and ionic
conductivity in metal—ligand systems (Chapters2 and 3), and transitioning towards
design principles that can be used to improve conductivity performance (Chapters4,
5 and 6). Metal-ligand coordinating polymers were previously explored for their self-
healing and tunable mechanical characteristics, but had been overlooked as potential
ion conductors. We therefore began by identifying key design criteria for metal—ligand
ion-conducting polymers, exploring the fundamental connections between ion iden-
tity, ion mobility and polymer mechanics. Importantly, we emphasized the ability for

multivalent cations to contribute to the ionic conductivity even while their individual

Reproduced in part with permission from [164]: N. S. Schauser, R. Seshadri, and R. A. Segalman.
Multivalent Ton Conduction in Solid Polymer Systems. Mol. Syst. Des. Eng., 4, 263 (2019). DOI:
10.1039/c8me00096d Copyright 2019 Royal Society of Chemistry.
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mobility is lower than a monovalent cation, due to the higher valency of the ion.

A key question for polymer electrolyte design is how to achieve high ion concentra-
tion while concurrently increasing mono- or multivalent ion mobility. This requires con-
trolling salt dissociation separately from ion mobility within the polymer matrix. Tra-
ditional polymer electrolyte design does not decouple these two factors, as the species
within the polymer that improve salt dissociation also bind tightly to the cation. Ion
concentration is controlled by both the choice of counterion as well as by the polymer
dielectric environment, while ion mobility depends on the identity of the cation and
the design of the coordinating ligand. Increasing ion mobility requires improving the
frequency of ion exchange between coordination sites in a polymer matrix, which is es-
pecially challenging for multifunctional ions which interact with multiple sites within
a polymer at once. The use of metal—ligand coordination polymers enables some of

these factors to be decoupled, as shown in Chapter 4.

The complexity of the synthetic considerations as discussed in Chapters4, 5,6 and 7
illustrates the challenge in the directed design of mono- and multivalent conducting
polymer electrolytes. A majority of the polymer electrolyte literature focuses on ether-
based polymers, though a growing number of studies on alternative chemistries exist
and illustate that polymer chemistries less dependent on ether solvation chemistry pro-
vide differing mechanisms for ion conduction and thus different design rules.[32, 164]
Opportunities exist for computational studies to screen for promising candidates for
multivalent conduction by identifying systems for which ion-polymer interactions are
labile, and aggregation is low or solvation structures enable percolated networks for
ion transport (as shown in Chapter4). The lability of metal-polymer interactions can
be tuned by using different coordinating groups whose geometry or strength of interac-

tion may increase the kinetics of ligand exchange — this is emphasized as a promising
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route towards future conductivity performance improvements for metal—ligand poly-
mer electrolytes. While ligand exchange kinetics have been measured for a variety of
divalent species and small-molecule ligands in aqueous solution, such trends may not
translate to dry polymer systems[55] since exchange in aqueous solution is typically
dominated by water molecules (see discussion in Chapter 3).[5] Hard-soft acid-base
theory can be used as a predictor for the binding strength of multivalent cations to
various potential ligands, although factors including the ligand-field stabilization en-
ergy are important for transition metal complexes. An understanding of ion transport
mechanism can also be gained from a look at the activation energy (FE,) for ionic
conductivity as a function of temperature; most polymers follow a VFT temperature-
dependence above their 7, and Arrhenius behavior below 7},. Higher E, suggests more
hindered ion motion, as discussed in Chapter 7. Still, few polymer studies calculate F,,;
improved reporting and analysis of the F, of ion transport for mono- and multivalent

systems could shed light on favorable polymer chemistries for cation transport.

Multivalent metal—ligand coordinating polymer electrolytes present opportunities
for mechanical property enhancement compared to their monovalent counterparts. As
we show in Chapter 3, the inclusion of multivalent metal—ligand coordination inter-
actions within a polymer matrix presents significant enhancement of bulk mechanical
properties, with minimal effects on the total ionic conductivity.[5] However, further
work in such systems must be performed to identify the extent of cation mobility in a
system where it also acts as a dynamic cross-linker. The ability for some cations, such
as Ni?* or Fe3*, to dramatically enhance mechanical properties could also be used or-
thogonally, with the addition of those cations for the sole purpose of enhancing polymer
mechanics while the ions of interest (e.g. Lit, Mg?", or Zn?") are added separately for

ionic conductivity. Further opportunities exist in the realm of block copolymers, both
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in terms of conventional block copolymers with salt addition and single-ion work. The
synthetic strategies mentioned above can be employed for the ion-containing block,

while an inert block is added for mechanical stability.

An ongoing issue in the field of polymer electrolytes is the difficulty in measuring
the cation contribution to conductivity, which is the relevant metric for many appli-
cations. To determine the efficacy of synthetic strategies in improving cation mobil-
ity, it must be possible to accurately measure the contribution of multivalent cations
to the measured total conductivity. Transference number measurements using tradi-
tional techniques are extremely variable, likely because the underlying assumptions
of ideal electrolytes with dissociated ions are not valid for most polymer electrolytes.
In this dissertation, we have chosen to focus on NMR pulsed-field-gradient techniques
as an initial estimate for ion mobility. This technique is not without its own limita-
tions, however, especially for many of the multivalent ions due to their paramagnetic
nature. Emerging techniques pioneered in other research groups should provide ad-
ditional opportunities for studying these materials.[57, 58, 61, 62] The crucial issue
of transference number measurements should not be taken lightly by the community,
and additional research efforts must focus on expanding the toolkit for probing cation

conductivity contributions.

Improving cation contribution to the conductivity can be achieved in multiple ways
— in this dissertation we show one route towards tuning Li* ¢, , namely removing func-
tional groups that can exhibit unintended binding sites for cation entrapment (Chap-
ter 6). The design of a tunable polymer platform requires the incorporation of linkages
for polymer functionalization; we show that these linkages can play a critical role in
affecting both polymer 7}, and cation mobility through unintended ion binding. The re-

moval of the amide linkage for our imidazole-grafted siloxane electrolytes improved
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room-temperature ionic conductivity by 2 orders of magnitude, and approximately

doubled Li* ¢, from 0.24 to 0.46.

It is also possible to design polymers in which the solvating groups primarily in-
teract with the anion rather than cation species through the addition of either Lewis-
acidic moieties into the polymer[239, 286] or other groups that preferentially solvate
specific anions, such as fluorination of the polymer backbone to sequester fluorinated
anions.[277] A PEO-based network with boroxine ring crosslinkers acts as an anion
trap and increases Lit transference numbers to 0.75 for bulky salts such as LiCF;SO;
and LiBF,, with additional improvement to 0.88 for LiCl.[287] Similar studies were
performed for borate ester networks mixed with Mg?* salts with perchlorate, triflate
and TFSI~ anions.[288, 289] Ionic conductivities on the order of 10> Scm~! were
measured at room temperature, and transference numbers ranged from 0.20 to 0.51
with smaller anions showing better transference numbers but lower conductivity at
equivalent temperatures. Increasing the concentration of anion traps also increases the
transference number. The transference number measurements were performed using
DC polarization without adjustment for interfacial resistance changes over time and
could thus be inaccurate, though the general trends between the studied anions and
boron concentrations should still hold. Further work in this area could provide promis-

ing performance improvements for multivalent polymer electrolytes.

Identifying the connectivity of solvation sites through the polymer can also play
a large role in screening for polymer candidates. One such study performed for Li-
polyether conductors was influential in determining that the reason for the high con-
ductivity of PEO over other polyethers and esters was due to the high percolation of sol-
vation sites in PEO which result in more facile Li* transport.[138] This ambitious study

highlights the complexity of designing a polymer electrolyte from the ground up; specif-
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ically, the effects of segmental dynamics, solvation strength, and solvation connectivity
interact synergistically to determine ultimate conductivity. Thus, electrolyte design
cannot solely focus on the incorporation of labile coordinating moieties, high dielectric
constant and high segmental dynamics, but must also consider polymer architecture
and its effect on the proximity of neighboring solvation sites for ion transport. On
the other hand, we have shown that the side-chain-grafted metal—ligand electrolytes
studied in this dissertation seem to all exhibit percolating ionic domains, enabling de-
coupling of backbone design from ligand considerations (Chapter 4). This is a possible
route for simplifying electrolyte design considerations, and enabling step-wise improve-
ments in design features and performance, as exhibited in this thesis (see Chapters5
and 6). Characterizing similar solvation trends for alternative polymer chemistries and
architectures would enable screening for possible candidates before investing signifi-

cant synthetic effort.

There is also the option to circumvent transference number measurement questions
completely through the design of single-ion conductors. Significant effort in the field of
single-ion conductors has focused on lithium,[290] while very few studies have focused
on multivalent single-ion conducting polymers.[142, 291] For monovalent systems, it
is known that improving cation mobility through dissociation from the anion is criti-
cal for enhancing conductivity,[292] as is reducing the glass transition temperature of
the polymer. It is currently common practice to tether a TFSI~ anion to a polystyrene-
based backbone, though work on lower T}, backbones has been reported,[293, 294] as
has the use of different tethered anions such as sulfonates[174] or borates.[295, 296]
The more delocalized the anion, the higher the conductivity due to improved cation
mobility;[292] thus sulfonates or carboxylates are not a great choice and result in

lower conductivities,[297, 298] while the use of delocalized tethered anions has en-
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abled ionic conductivities on the order of 10~ Scm~! at 90°C.[292] The addition of
a small molecule complex containing boron (BF3.0Et;) enabled improved dissocia-
tion of Lit from a carbonate anion-tethered polymer due to preferential boron-anion
interactions.[298] A recent review summarizes advances and future opportunities for
lithium-based single-ion conductors.[290] Similar concepts can be applied for multi-
valent systems, with the additional caveat that dynamic ionic crosslinking between
cations and anions from multiple chains may play an important role in polymer seg-
mental dynamics. The incorporation of solvating groups within the polymer that can
preferentially interact with the cation species to enhance dissociation but enable mo-

bility will be critical, as will the proximity between anion and solvating groups.[297]

The complex nature of the design criteria described above and explored in this dis-
sertation highlights the importance of data reporting and complete characterization.
Most publications on polymer electrolytes focus on total ionic conductivity measure-
ments, without providing full details of polymer characteristics, processing conditions,
structural (e.g. ion aggregation) considerations, or transport measurements. This cre-
ates significant challenges in extracting unifying trends from the large body of work
that has been performed on even just Li*-conducting polymer electrolytes, as is ex-
plored in Chapter 7. We therefore emphasize the need for more complete reporting in

publications.

Finally, the design rules for mono- and multivalent polymer electrolytes explored
within this dissertation present hope for improved polymer electrolyte performance by
revealing that metal—ligand coordination polymers enable the decoupling of many of
the properties previously shown to be intimately linked. The model system designed
and explored in this thesis presents a starting point for conductivity improvements;

while the individual performance metrics for the polymers in this work are lower than
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necessary for applications, they set the groundwork for future performance improve-
ments that could be achieved by tuning ligand chemistry, backbone identity, polymer

architecture and, possibly, additives.
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