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Abstract

Current fuel cell operating temperatures have been unintentionally optimized for
the exact conditions that poison the platinum electrode. Raising the operating temperature
can eliminate poisoning. Nafion®, the current benchmark fuel cell electrolyte, operates
optimally at 80°C due to its dependence on water for proton conduction. Two approaches
are described here to address this issue: modification of Nafion to remain hydrated and
the synthesis of new materials that can operate at high temperatures. Casting the polymer
with smaller thicknesses reduces the path length and allows water to diffuse throughout
the whole polymer easily. When nanothin versions of the film were cast, water uptake
was found to be significantly higher. However, the observed  proton conductivity
decreased. Solid-state NMR was used to determine if local dynamics were an issue in
nanothin films or whether long-range transport was hindered. For materials that operate
via a Grotthuss mechanism, organic solid acids were studied due to their thermal and
electrochemical stability and significant proton conductivity at high temperatures. For
this thesis three main organic solid acids were studied, including benzimidazolium- and
imidazolium-  methanesulfonate =~ (BMSA and IMSA) and imidazolium
trifluoromethanesulfonate (IFMS). Solid-state NMR was used to study their hydrogen-
bonded structure to determine the dynamics in each of the solid acids. The local
dynamics information was then compared with their macroscale proton conductivity. To
produce a suitable host for fuel cell applications, the solid acids were inserted into
polymer supports to determine the best salt-host composite. Polymers supports that were
investigated include Teflon, sulfonated polyetheretherketone (sPEEK) and sulfonated
polysulfone (sPSU). This thesis focuses on the use of solid-state NMR to probe these
composites and to study their mobility on a localized scale to explain their macroscale
proton conductivity.
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Chapter 1
Introduction to Organic Solid Acids and Composites for High Temperature
Polymer Electrolyte Fuel Cells
This chapter aims to introduce different types of fuel cells focusing on polymer
electrolyte fuel cells. Limitations of fuel cells will be presented specifically where
voltage losses occur. Each part of the fuel cell will be discussed to understand its purpose
in fuel cell technology specifically to highlight the challenges each part poses. This
chapter will go into depth about the membrane, which serves as the polymer electrolyte in
the fuel cell, through different methods of how proton conduction occurs, and water
management. Organic solid acids will be presented as an alternative to water based
polymers and details of their polymer supports will also be discussed. An explanation of

the thesis’ main motivations will be presented. Lastly, an overview of remainder of the

chapters will be included.
1.0 Fuel Cells

Fossil fuel is currently widely used for automobiles, however they are limited
resources and produce CO, after combustion. High CO, production results in damaging
environmental effects, such as global warming, therefore, implementing renewable forms
of energy is becoming crucial to curtail the emission of harmful greenhouse gases.
Oxidizable fuel sources such as hydrogen, which can be produced via the electrolysis of
water, represent one such form of energy storage. The stored energy can then be released
as an electrical current through the use of a fuel cell. They represent a desirable
alternative to the internal combustion engine due their compatibility with renewables and
their higher fuel efficiencies.! Fuel cells typically use hydrogen as a fuel, which involves

the controlled oxidation of a fuel source to generate electrons, which are available to do
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work.

There are several types of fuel cells that operate at different temperature ranges.
Solid oxide fuel cells can be used for stationary applications due to their high operation
temperature of 500 - 1000°C.” For this fuel cell the charge carrier is O* that transverse
through the ceramic electrolyte to react with the hydrogen fuel.” This is the cheapest of
the fuel cells presented due to the electrodes not being made of expensive catalysts such
as platinum, but use nickel catalysts.* This is due to the temperature of the fuel cell being
able to reduce hydrogen and oxidize oxygen without the requirement of a catalyst. Due to
the high temperatures the solid oxide fuel cell possess slow startup times and requires
significant shielding from heat making this cell unsuitable for portable applications.’
Phosphoric acid fuel cells (PAFC) use concentrated liquid electrolyte for the proton
conductor. Due to the liquid electrolyte phosphoric acid fuel cells operate at much lower
temperatures than solid oxide fuel cells (200°C). However, the electrolyte must be

replaced often due to its highly corrosive properties.’®
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Figure 1.1: Cross-Section of a polymer electrolyte fuel cell, insert of platinized carbon
catalyst layer with polymer electrolyte. Figure is the courtesy of National Energy
Technology Laboratory (NETL), U.S. Department of Energy.’

Depicted in Figure 1.1 is a cross section of PEFC that consists of an anode and
cathode separated by solid polymer electrolyte membrane (PEM). PEFCs operate by
having hydrogen introduced to the anode, which is oxidized to protons and electrons as
seen in Equation 1.1. The electrons travel though an external circuit to power an
application and the protons traverse through the polymer electrolyte. On the cathode
oxygen undergoes a reduction with the electrons and protons to form water as seen in
Equation 1.2. The overall reaction can be seen in Equation 1.3. Using Gibbs free
energy in Equation 1.4, where n is amount of electrons being transferred, F is the

Faraday’s constant and E° is the cell voltage, the Gibbs free energy can be determined to
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be -237.35 kJ/mol, which indicates a spontaneous reaction. However, the voltage is only

a theoretical voltage that cannot be obtained realistically due to several factors.

Anode: H, 2> 2H" +2¢ E°=0V 1.1
Cathode: %50, +2H" +2e- > H,0 E°=1.23V @ 298K 1.2)
Overall: 2H; + %0, = H,0 E°=123V @298 K 1.3)

AG = —nFE (1.4)

Each part of the fuel cell possesses resistance that contributes to the over potential and
lowers the overall voltage. Even with this over potential, PEM-FCs possesses a higher
electrical efficiency than the combustion engine.® The combustion engine is 30 %

efficient and fuel cells are 80 % efficient with heat recovery.
1.1: PEM-FC Electrodes

Fuel cells contain two electrodes, anode and cathode, which both consist of the
same materials. Both the anode and cathode are made of carbon, platinum and ionomer.
Carbon is present to conduct the electrons to and from the load of the cell. The function
of platinum is to catalyze both reactions that occur in each electrode (more details below).
Ionomer is used to aid in proton conduction within the electrodes to assist protons to

transverse to and from the electrolyte.

The anode is involved in catalyzing the oxidation of hydrogen into protons and
electrons. This reaction is highly efficient and is the part of the fuel cell that requires the
least energy. The cathode, however, is responsible for the highest energy loses in the fuel

cell. The cathode is where the oxygen reduction reaction takes place, which possesses
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high activation energy because it is a three-phase reaction.’®

Early renditions of the fuel cell did not contain ionomer, in which case higher
platinum loadings were necessary within each electrode to obtain decent performance.’
With the introduction of ionomer into the electrodes, the amount of platinum required
was dramatically reduced. When adding ionomer to the electrodes the ionomer must not
block gas diffusion into the electrodes but still aid in proton conduction throughout the
whole electrode. Currently, the ionomer used is the same material as the electrolyte,
which is Nafion, a fluorinated polymer. Overall, the morphology of the electrodes is a

topic of intense ongoing investigation, but it is not the focus of this thesis."

1.2 Electrolytes

Fuel cell electrolytes are present between the two electrodes, and should prevent
gas diffusion, be ionically conductive, but not electronically conductive. The electrolyte
must also perform at temperatures above 100°C to prevent carbon monoxide poisoning
on the platinum catalyst. Carbon monoxide is introduced into fuel cells based on the
current inexpensive method of producing hydrogen gas from steam formation of methane.
Hydrogen that is produced from methane contains ~0.5% CO that would poison the
electrodes.” Platinum prefers binding to CO than hydrogen due to its high electron
density that exists in the triple bond and is chemisorbed to the platinum surface over
hydrogen. Carbon monoxide chemisorption can be significantly reduced with higher
temperatures (>120°C) from the Pt-O=C bond being unfavorable at these temperatures
however, the specific mechanism of this behaviour is highly debated in literature but it is
believed to be due to the bond energy being overcame at higher temperatures based on

simulations."" To put this in perspective at 80°C fuel cells can only tolerate 0.00025% CO
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and at 120°C the fuel cell CO tolerance increases upwards to 5% dramatically limiting
poisoning on the platinum surface.” Currently, our best electrolyte is Nafion, which
represents the best compromise for the various properties desired for an electrolyte.
1.2.1 Nafion

Nafion was first developed by Dupont in the 1970s and has become the industry
standard to which all new materials are compared.'? It possesses desirable properties such
as durability, chemical resistance and a high proton conductivity that has not been
surpassed by any other material to date.'* Nafion’s structure consists of a fluorinated
backbone that has fluorocarbon side chains with sulfonic acid terminated ends (Figure
1.2)."* The sulfonic acid ions form ionic, hydrophilic clusters throughout the membrane
promoting pore formation within the polymer.'* Proton conductivity within Nafion is
achieved by proton hopping from water to sulfonate groups. Therefore, to remain highly
conductive, Nafion has to maintain hydration throughout use and cannot be operated
above 80°C otherwise proton conductivity decreases dramatically.'® The U.S Department
of energy target operating temperature for PEMFC operating temperature is 120 to 150°C.
The higher temperatures are necessary to obtain acceptable current densities for
automobile use and to reduce catalyst poisoning due to carbon monoxide.'®'” However,
unmodified Nafion is incapable of reaching this target because of its dependence on water
content and the 100°C glass transition temperature which limits its mechanical stability."®
Another issue with Nafion arises from the dangerous synthetic chemistry involved in
making fluorinated polymers and the resultant high manufacturing cost. There are two
main methods to combat these issues: adding additives to Nafion to improve water

retention or to synthesize a new class of polymers that can operate at higher temperatures.
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Figure 1.2: Structure of Nafion 1100 (x=6, Z=1)

Nafion composites have been heavily studied in literature. A common approach is to
add chemical additives to Nation to enhance performance at higher temperatures to
increase water retention or assist in synergistic proton conduction and water retention."
Therefore, hygroscopic additives are inserted to enhance water retention properties at
high temperatures and low humidity conditions. Examples of additives include SiO, and
Ti0,, which maintain water content but do not contribute to proton conductivity.”**' The
additives chosen were electrically neutral to ensure the proton conductivity of Nafion was
not competitively inhibited by ionic exchange with the additive.
1.2.1.1 Vehicular Mechanism

Vehicular transport, using typically water, is utilized in Nafion as well as most
hydrocarbon polymers. This mechanism exploits the fact that there are free volumes of
space throughout the polymer. These free spaces allow guest molecules to assist in
movement of protons between conducting groups. The guest molecule physically binds
with the proton and diffuses throughout the polymer behaving like a Bronsted base (a
proton acceptor).? In particular, Nafion uses water to transport protons between sulfonate

groups as seen in Figure 1.3. Issues with this mechanism for fuel cells relate to
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significant water sensitivity. For example, insufficient water limits proton conduction, as
the conduction mechanism is directly dependent on its presence to transport protons
across the film. Therefore, operation of a fuel cell with water requirements can be

difficult to maintain proper hydration levels for optimal proton conduction.

O=—=S—=0 O——S——0
; ;
H H H
H ® H / \(2/
~5~ o} H |
\ /o
S :
K o,
::IS::O O=—=8——=0

Figure 1.3: Vehicle mechanism of proton transport
1.2.2 Solid Acids as Electrolytes

One promising class of materials for fuel cell electrolytes are solid acids. Solid
acids have gained interest recently from their high electrochemical stability, ideal melting
points and high proton conductivity under anhydrous conditions.”*** There are two main
categories of solid acids that these inorganic solid acids (ISA) and organic solid acids
(OSA).

The first of the inorganic solid acids used for fuel cells were those involving
oxyacids. The series of oxyacids were in the format of XO4, where the X is P, S and Se

were paired with first group metals cations such as Na, K, Rb and Cs.”® The first
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combination that was used for fuel cell applications was CsHSO4 as described by Haile et
al.?® CsHSO, possesses a high proton conductivity of 3.13x107 S/cm at 150°C that was
maintained for 80 hours.”® CsHSOy4 goes through at superprotonic transition, where a
state of high disorder is observed, which dramatically increases proton conductivity. For
CsHSOy the structure changes from a monoclinic to a tetragonal structure at 141°C and
the proton conductivity increases by 2-3 orders of magnitudes to 3.13x10 S/cm.”’

Organic solid acids (OSAs) involve an organic cation with organic acid to make
an overall acidic salt. Previously investigated OSAs were phosphate derivatives with
heterocycles.”>*® It was shown that heterocycles possessed dynamics that was determined
through solid-state NMR.*?° For this thesis sulfonated-functionalized OSAs were
investigated. OSAs were prepared by combining an organic heterocycle, to act as base,
with an acidic anion to produce an overall acidic salt. For this thesis organic cations that
have exhibited dynamics (imidazole and benzimidazole) were combined with sulfonic
acids to form organic solid acid salts. However, these salts do not possess the mechanical
properties to form thin films and thus a polymer support is required for these materials to
be suitable for fuel cell operation.
1.2.2.1 Grotthuss Proton Transport

These materials utilize a Grotthuss mechanism, also known as structural diffusion,
for proton conduction that involves the breakage and formation of hydrogen bonds as the
proton transverses throughout the material.>'*

Materials that can physically rotate or flip to transfer protons use the Grotthuss
mechanism for proton transport as seen in Figure 1.4. Since it is based on the physical

process within the molecule this mechanism possesses higher activation energy than the
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vehicular mechanism. However, since the mechanism does not depend on water content,
issues arising from excess or insufficient water content are not a factor. Grotthuss
mechanism based materials must operate at a higher temperature to be competitive with
compounds that possess a vehicular mechanism, in order to circumvent the high

activation energy.

C3 Ring Rotation

?
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N
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Figure 1.4: Grotthuss mechanism of proton transport
1.2.2.2 Inert Polymer Hosts

In order for OSAs to be suitable for fuel cell applications a polymer support is
required since OSAs do not readily form thin films. Using inert hosts, solid acids can be
supported into a film to conduct protons. Previous research has used PVDF and PTFE as
hosts for inorganic solid acids. For Grotthuss mechanism bonds tend to break for protons
to be transferred to another compound. This process only works if there are defects in the
structure because if there were protons in every available site proton conduction would
not occur. The host increases the salt’s proton conductivity by increasing the defects in

the overall structure.
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Ionic salts can be incorporated into polymers to provide the necessary mechanical
support. A polymer support previously investigated is polyvinylidene fluoride (PVDF),
where the main advantages were that it has high chemical resistance and is inexpensively
manufactured. ISA-PVDF was the first class of composites, using CsHSO4. Previous
research showed that the higher the salt loading the higher the proton conductivity. At
20% CsHSO4-PVDF proton conductivity was at 1x10° S/cm at 160°C and at 90%
CsHSO4-PVDF the proton conductivity dramatically increased to 1x107 S/cm.*
However, PVDF contains large pores that allow gas diffusion of reactants across the
membrane from composites tested thus far.'> However, the SEM micrograph shows the
loading of the OSA is not homogeneous as seen in Figure 1.5SA. With this homogeneous
loading numerous dead-ends would be created decreasing proton conductivity. Thus
salt-Teflon composites have been synthesized where proton conductivity was increased

after inserted into Teflon.>**

A B

McMaster McMaster

Figure 1.5: SEM of Inert Polymer Hosts A) PDVF, salt insertion is heterogeneous B)
PTFE, salt insertion is homogeneous. Figure reproduced with permission from Physical
Chemistry Chemical Physics.”

11
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Porous Teflon is another host candidate, which behaves similar to PVDF. However,
composites formed from it exhibited a limited degree of gas diffusion as a result of
smaller pore sizes.'® In the SEM micrograph homogeneous loading to create the potential
of higher proton conductivity by containing more complete pathways of the salt
throughout the polymer as seen in Figure 1.5B.

However, both supports suffer from the leaching of the ionic salts due to a lack of
ionic interactions on the polymer itself. Thus combining salts with a sulfonate
functionalized hydrocarbon host has the advantage that the solid acid is chemically
bonded to the polymer through sulfonic acids to prevent the salt from leaching out of the
composite. Hydrocarbon polymers such as polybenzimidazole (PBI), sulfonated
polyetheretherketone (sPEEK) and sulfonated polysulfone (sPS) have previously shown
to form composites and are excellent candidates for a host material.***’ The host in this
case can also contribute its own proton conductivity to assist the salt. Typically a high
degree of sulfonation was required to obtain high proton conductivity, however this also
decreased the mechanical stability of the polymer. Sulfonated-functionalized hydrocarbon
polymers fail when operated anhydrously at high temperatures due to the dependence of
water for proton conduction. With the addition of salts into these sulfonated
functionalized hosts, with the absence of water, would aid the composite to operate at
ideal fuel cell conditions. Previous salt hydrocarbon polymer composites were made
using CsHSO4-PVDF and Si0,-sPEEK, however these composites were still studied in
humidified conditions often with acid doping.**~**

1.2.2.3 Sulfonate Functionalized Hosts

12
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Hosts that can also participate in proton conductivity are hypothesized to be
beneficial for use in solid acid composites. Additionally, the host could aid in retaining
the salt due to its hydrogen-bonded network whereas an inert host could not assist in this
fashion. Two different hosts were investigated for this thesis, which were
polyetheretherketone (PEEK) and polysulfone (PSU). For this thesis sulfonation
reactions were performed on PEEK and PSU for the hydrocarbons to be conductive.
Typically, the higher DS the higher the water uptake and thus the mechanical strength of
the polymer decreases. However, the goal in this thesis is to operate the fuel cell
anhydrously (no added humidity) and at high temperatures thus decreasing catalyst
poisoning and improving operating conditions.

1.3 Macroscale Analysis of PEMs
1.3.1 Thermal Analysis

Differential scanning calorimetry (DSC) is used to quantitatively study thermal
transitions, with respect to a standard.*® During DSC the sample is heated slowly and
compared to a standard. When a phase change occurs, for example cross-linking in a
polymer, the heat flow must be increased to match the reference sample creating a peak
in the DSC curve. The peak area is directly proportional to the change in enthalpy.® This
technique was used in this thesis to determine melting points of the organic solid acids

studied.

Thermogravimetric analysis (TGA) measure how mass is lost as function of
temperature instead of heat flow changes.*” This technique is performed under air or inert
gases to determine how a sample combusts or decomposes. The thermogram shows

weight percent lost as a function of temperature. This technique determines the quantity

13
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of solvent, functionalization of polymer as well as percent composition of additives. In
this thesis TGA is used to determine residual solvent and salt loading into a polymer host.
1.3.2 Electrochemical Impedance Spectroscopy

To determine the conductivity of a membrane, electrochemical impedance
spectroscopy (EIS) is employed. Impedance under ideal circumstance is equivalent to the
idea of resistance as described by Ohm’s law (Equation 1.5), where the current and
voltage responses are in phase with each other, where R is the resistance of the circuit, |
is the current and V is the voltage.* Ohm’s law is applied when considering circuits
based on direct current however, the consideration of alternating current involves the case
where current and voltages responses are out of phase with respect to each other.

_v (1.5)
k=1

In real cases impedance (Z) the ability to impede on electrical current, is used
instead of resistance. In Equation 1.6 represents an observed voltage (V), where V, is
initial voltage, o is angular frequency and t is time. In alternating current circuits there is
a phase shift (¢) in the current response and in Equation 1.6 showing the current
response the applied voltage. In Equation 1.6 is the sinusoidal response that describes
impedance. Impedance responses are plotted on a Cartesian plane called a Nyquist plot
from high frequency to low frequency. The Nyquist plot is presented with a x-axis that is
the resistance or impedance of the circuit in units of Qcm denoted as Z’ and a y-axis that
is negative which is the capacitance of the circuit in the units of farad (F) denoted as Z”.

na Vysin(wt) B in(wt) B o (1.6)
=TT Lsinwe+ @)~ Lotmtwe + ) . Lo(cosd T ising)

With EIS an electrical circuit model is used to describe the system being

considered. In Figure 1.6A shows the electrical circuit model for a PEM, which involves

14
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resistor attached to a resistor and capacitor in parallel. The capacitor represents protons in
the PEM and the electrons on the cathode as if it is storing a charge. The two resistors
represent the resistance of the cell (R.) and the resistance of the polymer (Rp).24 The
impedance response is a semicircle that is shifted to the right, where the first intercept is
the resistance of the cell and the second intercept is the resistance of the cell and the
resistance of the polymer. Therefore, to determine the resistance of the polymer the
semicircle is fitted to obtain the diameter, which is just the resistance of the polymer.
Typical Nyquist plots can be seen in Figure 1.6B, which depicts a Nafion composite and
its response to variable humidity. As the humidity increases the polymer resistance
decreases as observed by the semicircle possessing a smaller diameter. Polymer
resistances are used to determine the proton conductivity as seen in Equation 1.7, where
L is the length of the polymer (cm), R;, as discussed above is in Q, A is the area of the
polymer in cm? and o represents proton conductivity in S/cm, where S is in Siemens
which represents 1/Q.

L (1.7
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Figure 1.6: Electrochemical Impedance Spectroscopy A) the electrochemical Circuit of a
Proton Exchange Membrane B) Typical Nyquist EIS measurement of Nafion with a
Function of Humidity. As the humidity increases the semicircle decreases meaning the
polymer is possesses less resistance. Figure reproduced with permission from the journal
of Thermal Analysis and Calorimetry.*

EIS can be measured using two different methods, which are in-plane or through-
plane. Through-plane EIS is conducted by a two electrode arrangement, typically used
for powders. In order for this cell arrangement to be feasible an electronically conductive
layer must be placed on either side of the cell. This can be achieved through a gold or
platinum coating or by applying a layer of platinized carbon. The advantage of this
method is that in-plane EIS is in the same orientation as a fuel cell. A through-plane EIS

measurement has four contacts and all the wires leading to the polymer are platinum.

There are several advantages of this cell arrangement, which are the additional accuracy

16
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of a four-cell setup over a two-cell setup, no additional sample preparation and the cell is
open to the environment, therefore variable humidity controlled EIS can be conducted in
addition to variable temperature. For this thesis in-plane conductivity was used for
powder samples that were pressed and gold coated and through-plane conductivity was
used for polymers and salt composites.

1.4 Motivation and Goals

Current polymer electrolyte fuel cells suffer from water management issues which
arise from the high humidity conditions necessary to enable proton conduction in the
electrolyte. By limiting the water required for fuel cell operation, temperatures can be
increased to improve catalyst longevity and issues such as flooding can be
eliminated. Two methods are employed to reduce water content; synthesis of thinner
polymer electrolytes to promote more effective hydration, and the synthesis of
electrolytes, which can conduct anhydrously such as organic solid acids. The goal of this
thesis is to describe how proton conduction is improved or hindered in these materials by
characterizing mobility on a localized scale and to explain macroscale proton
conductivity. To achieve this, solid-state NMR (Chapter 2) is used to probe hydrogen-
bonded networks on a localized scale to determine pathways and mobility within the
network. The first set of materials are nanothin casted Nafion films, which uptake more
water, however they possess a larger activation energy for proton conductivity when
compared to the thicker derivatives of Nafion. In this thesis solid-state NMR will be used
to determine how the conductivity was affected either by a localized change or issues

with long-range transport. Studies on nanothin Nafion films have an application towards
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a better understanding of cathode operation where the electrolyte thickness approaches

those of the independently studied Nafion thin films.

A goal of this thesis is to understand local mobility of anhydrous electrolytes,
specifically OSAs. Due to the fact that OSAs cannot form thin films, a combined
investigation of salt-polymer dynamics both on a localized scale with solid-state NMR
and macroscopically with EIS is conducted. Three organic solid acids were investigated,
which were benzimidazole and imidazole paired with methanesulfonate and imidazole
paired with trimethylfluorosulfonate to make an overall acidic salt. Dynamics of these
salts were studied by themselves and in polymer hosts to investigate how the polymer
influences local mobility and ultimately proton conductivity. Three hosts were
investigated for this thesis: an inert host (Teflon), and two hydrocarbon hosts (sPEEK and
sPSU), where the hydrocarbon host was functionalized to further assist in the proton

conductivity of OSAs.

1.5 Thesis Outline

The first chapter introduces the current state of materials and macroscale analysis for
proton exchange membrane fuel cells. The solid-state NMR techniques used in this thesis
are introduced in chapter 2, which involve dipole-dipole recoupling sequences and “H
static NMR to probe hydrogen-bonded networks. In chapter 3 solid-state NMR is utilized
to investigate the difference in proton conducting pathways in ultrathin and nanothin
Nafion films. The ultrathin films behave similarly to Nafion, however the ultrathin
Nafion film possesses higher water content but lower proton conductivity. From this the

question arises of whether the phenomenon is due to local dynamics or long-range
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transport. In Chapter 4 the 'H homonuclear the dipolar recoupling method, POST C7, is

used to characterize the OSAs themselves, and thereby determine the existence of a

correlation between the averaging of the dipole-dipole coupling interaction and the

macroscale property of proton conductivity in organic solid acids. In chapter 5 OSAs-

Teflon composites are synthesized and solid-state NMR is used to describe the

morphological changes between the salt itself and the composite on a localized scale,

ultimately helping to explain the observed proton conductivity. In chapter 6, ’H NMR is
used to determine hopping rates in composites composed of OSAs and sulfonate
functionalized polymers. This chapter investigates the role of homogeneous and
heterogeneous functionalization to determine if this affects the hopping rate of OSA
within the composite. Chapter 7 is a summary of this thesis and contains a proposed set
of future directions.
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Chapter 2
Introduction to Solid-State NMR

This chapter introduces the background for the solid-state NMR techniques that
are performed in this thesis. The focus of this chapter is on double quantum filter
experiments, which probe proton mobility of salts and salt-polymer composites with and
without homonuclear decoupling. Another technique that will be discussed is linewidth
analysis that is performed by variable temperature NMR, which can measure the
activation energy for a particular motion based on the changes of T,*. The last major
topic will be “H NMR, which is used to determine hopping rates of proton conductive
sites in salts and in salt-polymer composites.

2.1 Introduction

Solid-state NMR is a great tool for investigating structure and dynamics on a
localized scale. This technique has the advantage of analyzing materials in the same state
of matter as their intended use. For this thesis OSAs and OSA-polymer host materials
will be analyzed using solid-state NMR to determine how local structure affects
dynamics, which may ultimately lead to a deeper understanding of their suitability for
fuel cell applications. NMR linewidths are considerably broader in solid-state NMR than
in solution-state NMR due to the lack of fast molecular tumbling which averages nuclear
spin interactions such as chemical shift anisotropy, dipole-dipole coupling and
quadrupolar coupling. Solid-state NMR tools such as magic angle spinning (MAS) and
homonuclear decoupling techniques can narrow linewidths by averaging these
interactions. However, these interactions contain valuable information, which is lost in

the process. Pulse sequences that reveal 'H-"H dipole-dipole coupled pairs can further
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probe the hydrogen-bonded network in materials of interest. This makes solid-state NMR
a challenging but highly useful technique in determining local dynamics and structure.
2.2 Spin

Each electron has a spin number associated with it of +1/2 or -1/2 and according
to the Pauli exclusion principle each electron is paired with another. Protons and
neutrons also have spin numbers of +%4.! A proton can cancel the spin from another
proton and it is the same with the neutrons. Therefore, it is important to know the
number of protons (Z) and neutrons (N) to determine whether a nucleus has an overall
spin (I) to be detected by NMR. There are three main cases to determine the overall spin
number of a nucleus; when both protons and neutrons are even, when both protons and
neutrons are odd and when protons are even and neutrons are odd or vice versa. When
the numbers of protons and neutrons are both even (everything paired) the spin is 0,
therefore NMR inactive, examples are °C, '*0 and *S, which also happen to be highly
abundant nuclei.' When the number of protons and neutrons are both odd (some
unpaired) leads to the spin of the nucleus being a whole integer with examples being “H,
"N and '"B." When protons are even and neutrons are odd (or vice versa) leads to %
integer value of spin for example 'H, '°F and "*C." For this thesis the focus will be on two
nuclei, which are "H and *H, with spins of ' and 1 respectively. Nuclei that have spin I =
2 possess a spherical distribution of charge at the nucleus, whereas any spin >1/2
possesses a non-spherical distribution of charge at the nucleus; the latter are referred to as
quadrupolar nuclei.” All spins have a different multiplicity of spin states, which is
dictated by Equation 2.1, where m is the multiplicity of spin states and I is the spin value

therefore, 'H possesses two spin states and “H has three.'
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m=2[+1 2.1
Without an applied magnetic field the direction all spin states are degenerate. In
an applied magnetic field the spin states are not degenerate as seen in Figure 2.1 for
[=1/2 and I=1, this effect is called Zeeman splitting." The energy that separates the spin
states is determined by Equation 2.2, where E is the energy between the spin states, m is
multiplicity of spin states, y the gyromagnetic ratio, which is a physical constant specific

to a nucleus and B, is the applied magnetic field.?

hB .
Eem ()/ 0) 2.2)
21
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Figure 2.1: Spin states without and with an applied magnetic field. A) Spin %2 B) Spin 1
The populations of the spin states are almost equivalent. This can be shown through the
Boltzmann distribution in Equation 2.3, where the tiny population difference between
the spin states is caused by the gyromagnetic constant (y, fundamental constant in all
nuclei), Plank’s constant (h), the applied magnetic field B,, Boltzmann constant (k) and

temperature in Kelvin.?
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2.3)

This small population difference makes NMR inherently insensitive and thus relatively
concentrated samples are required compared to other spectroscopic techniques.*
However, NMR is incredibly sensitive to the local structure and dynamics, which will be
discussed in detail in future sections in this chapter.
2.3 Applying a Radiofrequency Pulse

In section 2.2 it was discussed that NMR active nuclei are populated in spin states
in a magnetic field. With the applied magnetic field only a small fraction of nuclei align
with the external field in each spin state, however slightly more are aligned with the field.
Radiofrequency pulses must be applied at the Larmor frequency of that nucleus (the
energy difference in the spin states), which can be determined by Equation 2.4, where ®
is the Larmor frequency.’

w = —yB, 2.4)

The Larmor frequency for 'H and *H is given for two different magnetic fields in Table
2.1 (300 MHz and 500 MHz). A radiofrequency pulse, whose frequency is close to the
Larmor frequency of the nuclei of interest, is applied to materials to excite spins into the
xy plane. The pulse creates an oscillating field (B;) that is perpendicular to the applied
magnetic field (B,) which, is described in Equation 2.5, where wlz relates to the spin
interacting with the static field (B,) and 2w;cosmtly s the spin interacting with B, the
oscillating field.’

Hyr = wl, + 2w cosw, sty 2.5)
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In a typical NMR experiment the nuclei are aligned along z, the static field, and
after a pulse move to the xy plane, where they can be detected. Nuclei can be thought of
as magnets with north and south poles.® When pulsed into the x-y plane the nuclei starts
precessing at the Larmor frequency, which creates electrical current. This occurs
because each nucleus has magnetic moment. This creates a sinusoidal response
represented by the free induction decay (FID); however the length of time this current is
present is dependent on the relaxation time of each nucleus. There are four main nuclear
spin interactions that can influence this relaxation, which include scalar, chemical shift
anisotropy (CSA), dipole-dipole coupling and quadrupolar coupling. For this thesis only
CSA, dipole-dipole coupling and quadrupolar coupling are relevant, this will be
explained in following section.’

Table 2.1: Comparison of 'H and “H

Isotope Spin Gyromagnetic Natural Larmor frequency and
Ratio Abundance Field Strength
(x10” T 7.0 Tesla | 11.7 Tesla
'H 2 26.75 99.9885 300.0 MHz | 500.0 MHz
‘H 1 4.11 0.0115 46.1 MHz 76.8 MHz

2.4 Nuclear Spin Interactions
The nuclear spin interactions are described by a Hamiltonian, which is shown in
Equation 2.6, where the total Hamiltonian is composed of the radiofrequency pulse (H;y),
a scalar (Hj), the chemical shift anisotropy (Hs), dipole-dipole coupling (Hp) and
quadrupolar (HQ).6
Hiotqr = Hyp + Hy+ Hy + Hp + Hy (2.6)
Each of the nuclear interactions has its own tensor with its own principal axis orientation

represented by the following symbols; CSA (o), dipole-dipole coupling (D) and

29




Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

quadrupolar coupling (Q). CSA, dipole coupling and quadrupolar coupling will be the
only interactions discussed in this thesis because the other interactions are much smaller
in magnitude than the interactions presented in this section.

Chemical shift is the result of the external magnetic field (B,) generating a current
in the electron clouds of a molecule.’ Electron distributions around different types of
nuclei are not symmetric creating variable sizes of electrical current. Therefore, different
types of chemical shielding are obtained which results in variable chemical shifts.
Equation 2.7 is the Hamiltonian for chemical shielding that can be expressed by an
isotropic term and an anisotropic term where, Ois, is the isotropic shift, Ao is the chemical
shielding anisotropy (CSA), ncs is the asymmetry in chemical shielding and ¢ and 6 are

polar angles of the chemical shielding tensor relative to the magnetic field.®

H, = yhI,By[1 — (0i50 + Ad(3c0s?0 — 1 + n¢ssin?Bcos2¢))| 2.7
The isotropic shift, CSA and the asymmetry are further described in Equations 2.8-2.10,

where 011, 022, and 033 are the principal components of the chemical shielding tensor.

_ (011 + 055 + 033) (2.8)
Oiso = 3
(011 + 022) (2.9)
Ao = 033 ————
2
Nes = (022 — 011) (2.10)
¢ (033 — Tys0)

In solution-state CSA, is averaged to narrow isotropic shift, where resonances can
be easily identified. For highly shielded nuclei, a nucleus that is not close to highly
electronegative atoms has a low chemical shift, whereas nucleus that is close to electron

withdrawing nuclei possesses a high chemical shift. In solid-state NMR the CSA is not
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averaged and what is observed is a sum of the chemical shift that appears as a shielding
powder pattern. This powder pattern changes shape from the orientation of all the nuclei
in the sample based on their symmetry. For example, changes in symmetry will change
the value of ncs (can be -1 to 1) and thus the resultant powder pattern lineshape. Figure
2.2 shows four simulated spectra with different asymmetry parameters, ncs=-1 (022=033)
or 1 (011=022) depicts an axial symmetry and when all the values of tensor are different
dictates the shape of the CSA powder pattern. Changes in Ao will result in a different
width for the lineshape. For this thesis, the focus of study is on 'H and *H nuclei where
CSA does not contribute significantly to linewidths, due to the lack of p orbitals for the
electrons. Moreover, CSA effects in 'H spectra are averaged by magic angle spinning,
such that only the isotropic chemical shift is observed in most of the spectra included in

this thesis.

_ _ _ 022

Nes=-1 0,033 Nes=-0.5
O33
Oy
O
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Nes=0.2 Nes=1
01,702,
011
O33
O33

Figure 2.2: Simulated spectra of a spin=1/2 nucleus with different asymmetry parameters
Dipole-dipole coupling is a through space interaction that occurs between nuclei

as a result of their magnetic moments. This interaction is based on the gyromagnetic
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ratio (y), the distance between the nuclei (r) and the angler momentum of the spins (I and

S) as seen in Equation 2.11.%

toy (Vivih) 1 s a (2.11)
Hy = —Z (E)< J ) +5 (3 cos? 6 — D13, ]

i>) Tij
In the solution-state this interaction is completely averaged however, in solid-state this
interaction is dominant and is the main interaction that will be probed to study local
dynamics of protons in salts and salt-polymer composites in this thesis. In the simplest
instance of a spin-pair, the dipole-dipole interaction occurs between a discrete pair of
nuclei as seen in Figure 2.3. The strength of this interaction depends on the distance
between the spins therefore, the smaller the distance between the spins the larger the
dipole-dipole interaction.” In dipole-dipole coupling of 'H-"H pairs this interaction is
large and dominant. This is because protons have the highest gyromagnetic ratio;
therefore homonuclear interactions between 'H pairs create broad resonances. For
example the two 'H spins in a CH, group being ~1.7 A apart would possess a dipole-
dipole coupling of 24 kHz. If this CH; group were the only two resonances, the NMR
spectrum would show a linewidth of 24 kHz at its full width at half max. However, with
organic solids acids and polymer hosts there is large network of 'H that contribute to the
dipole-dipole coupling, the total dipole-dipole coupling contributes to the width of the
observed peak. In amorphous samples, where there are numerous crystallites within one
sample the value of dipole-dipole coupling increases even further than in crystalline

samples.
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Figure 2.3: Dipole-dipole coupling between spins i and j over distance r.

Quadrupolar interactions are only present in nuclei with spins greater than /2 and
are the strongest of all the possible interactions. However, since a quadrupolar nucleus
possesses a mulipole nucleus this type of nucleus interacts with the external magnetic

fields as well as the local magnetic fields. The Hamiltonian for this interaction is:’

ac 1 . (2.12)
Ho = gigar £y (360570 = 1+ 3osind6cos ) Gif = )
where;
Y (2.13)
Co = %
_ Axx — Qyy (2.14)
Ng =
QZZ

Cq 1s the quadrupolar coupling constant, 1q is the asymmetry parameter, qxx, qyy and q,
are the principal components of the quadrupolar tensor and Q is the quadrupolar moment
that is specific to each nuclei and is independent of environment.” Like CSA the
asymmetry parameter changes the shape of the resultant linewidths. The quadrupolar
coupling constant changes the width of the observed linewidth. In this thesis, no spin
>1/2 quadrupolar nuclei are studied, but Chapter 6 relies on “H NMR, which is a special
case of a spin 1 nucleus. The “H lineshape is known to be particularly sensitive to
motional averaging, therefore the discussion of its properties are given at the end of the

chapter, where dynamic effects on NMR spectra are considered.
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2.5 T and T, Relaxation

There are two main types of relaxation: spin-lattice (T;) relaxation and spin-spin
(T,) relaxation. After a radiofrequency pulse the spins that were excited to the xy plane
relax back to equilibrium. The period of time that this relaxation takes is defined as the
spin-lattice relaxation, which is described in Equation 2.15 where, M, is the
magnetization along z axis, M, is the magnetization that relaxes back to the z axis and t is

time.'?

M, = M, <1 — exp (Ti)> (2.15)

1
Spin lattice relaxation can change for several reasons such as symmetry or nuclear spin
interactions like dipole-dipole coupling. In this thesis T; relaxation will be a measure of
how dipole-dipole coupling changes in organic solid acids when they are inserted into a
polymer host. If there are mobility changes between the salt and polymer the T
relaxation will be faster due to dipole-dipole coupling becoming less prominant."’
Typical values for the T relaxation in 'H samples are on the order of milliseconds to
seconds.

Another type of relaxation that typically measured in NMR is T, p that is
analogous to T, but describes the relaxation along B, instead of B,. This relaxation is
measured applying a 90° pulse for the magnetization to be in the xy plane and then
applying a spin locking pulse. Overtime, the magnetization that is being held in the xy

plane decays and this decay fitted using Equation 2.16."°

M, (t) = M, [exp <_ L)l (2.16)
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Transverse relaxation (T;) occurs when the magnetism loses coherence in the xy
plane as seen in Equation 2.16 where, M,y is the magnetization along x or y depending

on the phase of the initial excitation pulse and M, is the initial magnetization."

M., (t) = M, [exp (— Tiz)] (2.17)

This decay in signal is influenced by nuclear spin interactions and is inversely
proportional to linewidth. Typical values of T, for solution state experiments are on the
order of seconds, corresponding to the narrow resonances. The broad resonances
observed in solid-state NMR correspond to short T, relaxation, which occurs on the order
of milliseconds.

In this thesis changes that occur in T and T, from impregnation of salts into host
materials are attributed to changes in the dipole-dipole coupling.®!'"'? This is due to the
influence of the polymer host on the local ordering of the salt.

2.5 Magic Angle Spinning

As mentioned above lineshapes in solid-state NMR are broad due to the lack of
molecular motion to average nuclear spin interactions. Thus methods of averaging these
lineshapes are implemented in solid state NMR to narrow these broad resonances.
However, before introducing these methods an introduction to contributions to line
broadening must be discussed. There are two fundamental types of contribution to
linewidth, which are homogeneous and inhomogeneous. In solution-state NMR an
example of homogeneous linewidth would be T, relaxation, whereas an inhomogeneous
would be the instrumental from inhomogeneity of the magnetic field. This
inhomogeneity of the field creates a distribution of NMR frequencies resulting in an

overall broadening of the linewidth. In solid-state dipole-dipole coupling has a large
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impact in line broadening, which is the homogeneous contribution to increase linewidth.
If a sample is amorphous, line broadening increases dramatically because the sample is
made up of multiple crystal orientations.® Only the homogeneous line broadening can be
narrowed using solid-state techniques, heterogeneous contributions can never be
narrowed. With amorphous samples it does not matter which magnetic field or pulse
sequence is used the linewidths, will be always the same due to heterogeneous line-
broadening portion.

Equation 2.11 is the Hamiltonian for dipole-dipole coupling, which possesses
two main parts; a spatial term and a spin term which both have an angle dependence.
Spinning at the magic angle, 54.74°, the cos®0 term is averaged to zero when spinning
faster than the interaction."® This is achieved by physically spinning a rotor containing a
sample at this angle to achieve higher resolution. However, using spinning as stated
above only affects homogeneous line broadening, whereas the heterogeneous line
broadening remains present. Typical spinning speeds are around 30 kHz but ultrafast
spinning upward to 110 kHz has been achieved with specialized probes.

2.5.1 Heteronuclear and Homonuclear Decoupling

Heteronuclear decoupling is a technique that dephases one kind of nuclei while
measuring another. The most common type of heteronuclear decoupling is during a cross
polarization technique that places a strong pulse on protons during acquisition to detect
carbon.'* Envision a dipole-dipole interaction between spins I and S, where these two
different spins are interacting with each other. When you apply a continuous pulse to
affect I and observe on S, the dipolar interactions that were previously present are now

removed resulting in narrower lineshapes.
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In this thesis homonuclear decoupling will be employed to obtain narrow
resonances for crystalline samples. However, homonuclear decoupling is difficult since
dephasing and observing a signal occur on the same channel since these homonuclear-
decoupling sequences will involve multiple pulses. These pulses would rotate the spins
around the magic angle to average the spin term of the Hamiltonian for dipole coupling,
while still physically spinning the sample to average the space portion. The overall
process is called CRAMPS (combined rotational and multiple pulse spectroscopy).'
There have been several different types of homonuclear-decoupling sequences, where one
of the first editions was Lee-Goldburg. A Lee-Goldburg homonuclear decoupling
sequence involved two different phased pulses, however this type of sequence involves
long high power pulses and can only be implemented for low spinning experiments.'®
The next iteration was the phase modulated Lee Goldburg (PMLG) that allowed for lower
power and could be conducted at higher spinning speeds.'” In this thesis decoupling
under mind boggling optimization (DUMBO) is used for homonuclear decoupling which
is a similar to PLMG."®
2.6 NMR Experiments
2.6.1 Dynamics Measured by Variable Temperature Solid-State NMR

Solid-state NMR can probe local structure through correlation experiments,
however this technique can also observe molecular motion. One straightforward method
is to use variable temperature solid-state NMR. By using a direct one-pulse experiment
on a sample at a varied temperature, information can be obtained. There are three types
of motion that can be observed between two or more resonances as seen in Figure 2.4,

which are slow, intermediate and fast dynamics.'” The slow dynamic regime occurs when
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the rate of chemical exchange is less than the frequency that separates the two
resonances.'® For the intermediate dynamic regime the exchange rate is equal or close to
the frequency in between the two resonances. As the exchange rate increases the
frequency between the sites reduces as the two resonances come together. The process of
coalescence is when the two resonances broaden and combine to a single chemical shift is
the process of coalescence.'” The average chemical shift between the two resonances is
observed if both the exchanges rates are equal, otherwise the coalescence shifts to the

resonance with the larger population.
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Figure 2.4: Linewidths showing varying chemical exchange as observed with '"H MAS
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NMR. Reproduced with permission from Progress in Nuclear Magnetic Resonance
Spectroscopy.19

In the fast dynamic regime, following coalescence, the resonance becomes a
single narrow linewidth. As temperature increases the resonance continues to narrow,
where this narrowing effect is due to an increasing T,*, which is T, that is affected by
inhomogeneity from imperfect magnetic field on the sample, that is also impacted by
nuclear spin interactions. In the case of this thesis, it is assumed that the increasing of
T,* is due to dipole-dipole coupling lessening from higher spin dynamics. T>* can be
determined from the relationship with the full width at half max (FWHM) from
deconvolution of the spectrum. From this narrowing being correlated to a time an
Arrhenius plot for motion of a particular site can be obtained. The T,* can be calculated
from FWHM (Equation 2.17), which is the spin-spin relaxation (T;) coupled with the

effect of field inhomogeneity.

FWHM = (2.18)

*
T,

An Arrhenius relationship can be extracted from the behaviour of T,* as a function of
temperature.”’ Activation energy can be determined for a localized exchange process and
then compared to macroscale techniques such as proton conductivity.
2.6.2 Double Quantum Filter

Broad linewidths are obtained with 'H solid-state NMR due to high dipole-dipole
couplings and thus as discussed above MAS and homonuclear decoupling techniques are
employed to narrow linewidths. However, dipole-dipole coupling possesses information

about dynamics and solid-state structure. By reintroducing dipole-dipole couplings in a
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controlled manor information on solid-state structure and dynamics can be obtained. For
this thesis proton conductors in salts and salt-polymer composites are being studied by
using double quantum filter (DQF) experiments such as back-to-back and POST C7 that
reintroduce dipole-dipole coupling to determine mobility and hydrogen bonding on the
timescale of the rotor period.”'

This thesis utilizes two different DQF experiments called back-to-back (BaBa)
and POST C7. Both of these sequences select for dipole-dipole coupled spin pairs at
different timescales. Figure 2.5A shows the pulse sequence for BaBa, where the four nt/2
pulses shown must fit within a rotor period, in the incremental excitation and
reconversion periods. By incrementing the time periods for excitation and reconversion
different strengths of dipole-dipole coupling can be excited. Strong dipole-dipole
coupled pairs can be excited with short periods of excitation and reconversion where as
weak dipole-dipole couplings require longer times to be fully excited. The BaBa pulse
sequence can be used at high speeding speeds and short high-powered broadband pulses

can be used. The POST C7 sequence is shown in Figure 2.5B.
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Figure 2.5: A) Back-to-Back pulse sequence, where each rectangle is a 90° pulse B)
POST C7 pulse sequence, where each rectangle (or C element) is a composite 360° pulse
composed of a 90, 360, 270° pulses. The phases for the pulses are as follows: a) (0/7)2n
b) (1/7)2n c) (2/7)2n d) (3/7)2m e) (4/7)2w f) (5/7)2n g) (6/7)2n C) Coherence pathway
for a double quantum experiment D) Purple site is completely removed in the DQF
spectrum showing that it either possesses no near neighbors or is highly mobile on the
timescale of the experiment.”***
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In this sequence all 7 of the C-elements (composite 360° pulses) must be applied within
two rotor periods, however each rectangle represents a composite 360° pulse that consists
of three pulses (90°, 360° and 270°) and each composite pulse has a phase (1/7) of 2.
Therefore this sequence is used at low speeding speeds (12.5 kHz and lower). For
example, using a 12.5 kHz spinning speed would require a B, of 87.5 kHz since the
sequence requires the pulses to have a power level that is seven times the spinning speed
which requires the 90° pulse to be 2.86 us. Therefore, it is impossible to achieve at high
spinning speeds with current equipment due the power restrictions. These symmetry-
based pulse sequences are designed to select certain dipole-dipole interaction based on
average Hamiltonian theory, where the mathematical derivations, which is beyond the
scope of this thesis, and is available elsewhere.**

BaBa is typically used at high speeding speeds because the power of the pulses
does not need to be correlated to its spinning speed. Both sequences required rotor
synchronization to reintroduce the dipole-dipole interactions properly. This is how the
two different sequences reintroduce dipole-dipole coupling at different recoupling times.
POST C7 is used when long recoupling times are required and BaBa is used when shorter
times are sufficient to reintroduce the interaction, as the timescale of the recoupling is
correlated with the rotor period (tr). The choice of sequence is determined from the
strength of the interaction that is being probed. It is important to note that since POST
C7 requires a slower spinning speed for proper execution, therefore lower resolution is
obtained due from the lack of averaging by high speed MAS. Therefore, POST C7 is
typically paired with a homonuclear-decoupling sequence to obtain high resolution while

reintroducing dipole-dipole interactions.
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With 1D DQF experiments resonances that are removed from the spectrum are
either mobile or possess no close neighbors on the timescale of the experiment.”> An
example of this is portrayed in Figure 2.5D, where the "H NMR possesses two sites and
the "H DQF NMR only has one from being mobile or having no close neighbors. The 2D
DQF experiment reveals a map of dipole-dipole coupled pairs within the sample. For
example Figure 2.6 depict red and blue sites in the direct dimension. In the indirect
dimension there are three signals due to a dipole-dipole coupling that exists between spin
pairs. In this case there is dipole-dipole coupling between red-red, red-blue and blue-
blue. The diagonal crosses through autocorrelations that occur within the sample,

however these may not always be observed if there is no coupling within the same site.

d ¢ 1

Figure 6: 2D DQF spectrum between red and blue. Correlations are only observed for
spins that possess a dipole-dipole coupling.

When implementing DQF sequences the times for recoupling can be lengthened
by increasing the number of loops of recoupling in a rotor-synchronized fashion, as

shown in Figure 2.5A and Figure 2.5B. By collecting 2D DQF spectra at different

43



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

excitation and recoupling times and integrating each site over time a double quantum
coherence (DQC) buildup curve is created.”® Figure 2.7 shows two different DQC
buildup curves, over the same time period, where the focus of the comparison is based on
two factors; the maximum of the DQC buildup curve and the steepness of the curve.
When the DQC buildup possesses a steep buildup the coupling between the two
resonances is strong, if the curve possesses a shallow buildup the coupling between the
two resonances is weak. These double quantum coherence buildup curves can be

simulated in SPINEVOLUTION to extract distance and dynamic informtation.*’
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Figure 2.7: Double quantum coherence buildup curved for two different couplings. The
purple curve represents a strong dipole-dipole coupling from its steep slope and short
time to recouple the spins. The red curve shows a dipole-dipole coupling that is short
from its shallow slope and long time to recouple.

1D DQF can be used as a qualitative method to probe mobility in proton
conductive samples. 2D DQF experiments are used to create double quantum coherence

curves, which typically are used to determine structure based on the relationship between

dipole-dipole coupling and to distance. In this thesis, 2D DQF will be used for the first
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time to probe dynamics in a sample and to determine possible pathways of proton
conduction based on the connections between dipole-dipole coupled pairs.
2.6.3 ’H Static NMR

Double quantum experiments cannot capture all relevant timescales of molecular
motion, so in some cases we turn to an alternative, well-known method for probing
molecular motion: “H static NMR. This technique is relevant to samples, with highly
mobile proton dynamics that cannot be captured by the above DQF experiments and in
cases where high resolution cannot be obtained using techniques that average dipole-
dipole coupling. Advantages to this technique are that proton conductive sites are the
easiest to exchange with deuterium, thus selective exchange of the peaks of interest can
be obtained. Also, heterogeneous line broadening due from these amorphous samples is
no longer an issue since this technique is a direct probe to the site of interest.
*H possesses a small quadrupolar constant and is not affected by CSA effects. The static
spectrum of “H portrays two horns (Figure 2.8), which occur from the two transitions
from its three spin states that ordinate from it being a spin 1 nucleus. Since “H possesses
a small quadrupolar constant the splitting of the horns is on the order of 140-220 kHz
therefore, these spectra are sensitive to motion at 10* and 10° Hz, which is typical in
organic solids.’ Figure 2.8 shows four different simulated spectra of a three-site rotation
for the sulfonate functional group, which participate in proton conduction, at different
proton hopping rates. As proton hopping increases the powder pattern lineshapes
changes due to an averaging effect. These changes can be fitted with a program called
EXPRESS that was written by Robert Vold to extract hopping rates.*® In order to use

EXPRESS to determine hopping rates for a particular sample a few pieces of information
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must be known; quadrupolar coupling constant, which can be determined by low
temperature static measurements (when there is no dynamics affecting the linewidth),
asymmetry (obtained from low temperature), Euler angles of each site and how these
sites are connected to each other. Euler angles allow for the rotation of an orientation-

dependent interaction such as the quadrupolar interaction into the frame of the molecular

structure.
0 Hz 2x102 Hz
No motion Intermediate
1x10% Hz 5x10° Hz
Intermediate Fast Motion
Limit

Figure 2.8: Three-site rotation at different rates simulated in EXPRESS

Utilizing these parameters, the influence of specific molecular motions on the *H
lineshape can be calculated. In this thesis we employ “H NMR to characterize the ion
transport pathways in the solid acid IFMS, and the host polymer, SPEEK. We then
extend this to characterize the ion dynamics in the salt-polymer composites, as described
in chapter 6.

2.7 Timescales and Dynamics
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Each of the experiments discussed above probe their own range of molecular
dynamics. For experiments that measured relaxation such as T; and T;p molecular
motion can be probed on the scale of milliseconds to seconds. However, relaxation that
was measured as function of signal decay (T>) is typically on the order of us. DQF
experiments probe motion that occurs within the rotor period of the specific experiment.
With the sequence Back-to-Back the timescale is on the order of 40-100 us and with
POST C7 is on the order of 80-800 us. For example, an isolated spin pair separated by
1.4 A has a dipole-dipole coupling of 24 kHz, which would require motion of 40 us to
average that would be at the lower limit of detection for Back-to-Back and immeasurable
for POST C7, therefore these pulse sequences are appropriate for multi-pair dipole-dipole
coupled systems. Lastly, “H NMR probes motion that can average the powder pattern
observed, which is typically 140-220 kHz, which allows motion on the order of 1-100 us
to be observed. All of the above techniques are highly sensitive to motion in the ranges
stated and are used throughout this thesis to determine motion that occurs at different
timescales.

2.8 Summary

Solid-state NMR 1is a powerful tool in measuring local dynamics to determine
mobility. In chapter 3, 'H MAS NMR at variable temperature will be used to determine
differences in Nafion casted with different thicknesses and how T, can be used to
determine the rate of exchange for the H-bonded protons. Chapter 4 uses DQC buildup
curves to investigate dynamics in organic solid acids rather than the more typical
structure determination. In chapter 5, 1D DQF is used to qualitatively investigate how

dynamics changes from the salts themselves to salt-Teflon composites. 'H 1D MAS
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variable temperature experiments are used to quantify how the activation energy of
proton changes from the salt itself to salt-composite form. Chapter 6 utilizes “H NMR to
determine hopping rates as well as mechanism for proton transport on organic solid acids
in sulfonate-functioned hydrocarbon hosts. These techniques are shown to effectively
characterize proton-conducting materials and to correlated molecular-level dynamics with
performance.
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Chapter 3
"H Solid State NMR Study of Nanothin Nafion Films

This manuscript is published in the Journal of Physical Chemistry C. The co-
authors of this paper are D.K. Paul, K. Karan and G.R. Goward. D.K. Paul synthesized
the thin and ultra-thin films and performed the macroscale measurements, which included
thickness, EIS and water uptake under the supervision of K. Karan. I performed all the
solid-state NMR that is detailed in this chapter. I initially wrote the manuscript and it was

edited by all the co-authors as well as myself.

Within a fuel cell the anode is a highly reducing dry environment and on the
cathode side is an oxidizing wet environment. The polymer electrolyte must be able to
withstand both of these conditions. The industry standard is Nafion, however when dried
the polymer cannot conduct protons effectively. On the anode Nafion is quite dry and
water is unable to diffuse throughout the whole polymer to maintain complete hydration.
Therefore, if the polymer were thinner to allow for full diffusion would be an asset. In
this chapter two different thicknesses of Nafion are studied a 160 nm (thin) and 10 nm
(nanothin) films. As the polymer thickness decreases the water content increases, which
also lowered proton conductivity. The chapter is using solid-state NMR to probe if this is

a result of local dynamic changes or effects in long-range transport.

3.1 Introduction

Nafion® is a well-known copolymer made of a fluorocarbon backbone with a
sulfonic acid terminated perfluorovinyl ether side-chains as seen in Figure 3.1. It is
commercially available with 10% degree of sulfonation and different equivalent weights

(EW), defined as average mass of the polymer per sulfonic acid group. The most
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commonly form of Nafion is 1100 EW available either as a dispersion or as a membrane.
Where the latter is available in various thicknesses. Nafion 117 implies a membrane of
EW 1100 and thickness of 7 mil (or 7 thousandth of an inch)." Nafion has numerous
applications such as polymer electrolyte fuel cells (PEFCs), methanol fuel cells, and
water electrolyzers.” For these applications, Nafion is typically a free standing film with
thicknesses of >25 um and is considered to be the benchmark material for polymer
electrolytes. A key functional property of Nafion in these applications is proton
conduction between the anode and the cathode. Nafion also exists in the porous
composite electrodes of these devices serving the same functionality of providing a
pathway for protons to arrive at or leave the electro-catalyst surface. In PEFC electrodes
or catalyst layers, Nafion exists as a 4-10 nm thin film covering the aggregates of Pt/C
catalyst.* Whereas the free-standing films (>25 pm) have been intensely studied over the
past decades, the structure and properties of sub-micron thin, supported Nafion films are
only now begun to be explored in sufficient depth. Here, we define thin films as those
possessing thicknesses greater than 100 nm but less than 1 um and ultra-thin films as

those with thicknesses less than 100 nm.
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Figure 3.1: Structure of Nafion 1100 (x=6, Z=1)
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There is growing evidence that the structure and properties of ultra-thin films
differ from the membrane form of Nafion.”’ Diverse techniques including neutron
reflectometry, atomic force microscopy, contact angles and ellipsometry have been
employed to probe different structural aspects and properties of thin and ultra-thin
films.>** A highly suppressed conductivity of nanometer thin films was reported by
Siroma et al., and recently by Paul et al. for self-assembled films, both prepared on SiO,
substrate.”'" As summarized in Table 3.1, the conductivity of ultra-thin 10 nm and thin
160 nm Nafion films on SiO, substrates are highly suppressed compared to the membrane
form. Conductivity in the perfluorosulfonic ionomer is known to correlate with water
content and it may be expected that the low conductivity in ultra-thin Nafion films is due
to low water content.” However, from water uptake measurements, expressed in terms of
number of water molecules per sulfonic acid group (represented as A), it can be noted that
the low water content is likely not the cause for observed low ionomer conductivity for
thin films. This opens up the question as to why or what factors are responsible for the
low conductivity in these Nafion thin/ultra-thin films. As discussed by Eikerling et al.,
on a fundamental level, for Nafion-type ionomers, the overall membrane conductance is
determined by the interplay between the mobility mechanisms, the charge distribution
inside pores, and the pore microstructure.'? The latter two factors depend on the internal
structure of the membrane/films, i.e. the local pore structure and the long-range
interconnectivity of the pores. Further, the mobility may be a function of the local pore
structure, which is also a function of water content. The macroscopic conductivity can be

described as the product of three factors; intrinsic mobility (my+), charge carrier
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concentration (Cy+) and a structural factor that accounts for porosity (ey) and tortuosity

(t) as seen in Equation 3.1.

0=y Cyy " f(Ew, T) 3.1

Table 3.1: Relative humidity dependent proton conductivity and water uptake of 10nm
and 160 nm Nafion® ionomer films on Si0, at 25 °C.

10 nm 160 nm Nafion117
Relative o (mS.cm’ o (mS.cm™)® | A¢
o (mS.cm™)* | A° AP
Humidity he
20 0.0002 33 0.336 3 2.4 2
40 0.020 34 3.25 3 10 3
60 0.41 43 8.31 5 19 4
80 7.8 52 27.1 8 40 6
95 23.9 59 54.0 12 65 13

*Paul et alzz, ®Modestino et al® , “Sone et al.,! Zawodzinski et al.**

To resolve the difference in conductivities between bulk membrane and thin
films, all three factors must be known. Unfortunately, even for the well-studied free-
standing form of Nafion, there are ongoing debates about the pore structure.'
Nonetheless, the evidence of difference in the internal structure and property between
Nafion thin films and membranes is emerging. For example, the absence of ionic domains
in 4-10 nm Nafion films were noted from GISAXS (Glancing Incident Small Angle X-
ray Scattering) measurements whereas thicker films showed 4-5 nm ionic domain.” In
related work, water diffusivity measurements using polarization-modulation infrared
reflection absorption spectroscopy (PM-IRRAS) on Nafion films of thickness ranging 20-

220 nm revealed that sub-60 nm films possess highly depressed diffusivities compared to
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thicker films.” Similarly, the surface wettability of sub-55 nm and thicker Nafion films
differed where hydrophilic surfaces were reported with for thinner films and hydrophobic
surface for thicker films on SiO,.® While these findings have highlighted the differences
in the structure and properties between ultra-thin, thin and freestanding membranes of
Nafion, there has been no direct study of proton mobility in ultra-thin/thin Nafion films.
Solid- state NMR ('H) is a well-established tool for characterizing dynamics, and is able
to provide direct information regarding the local proton mobility or ion hopping.
However, studies of such thin films are challenging due both to the difficulty in
fabricating reproducible nanothin films (homogeneous with respect to thickness and
structure) and to the challenges of low signal to noise.

In this study, solid-state "H NMR characterization of 10 nm ultra-thin and 160 nm
thin Nafion films on SiO, substrate is reported. It is important to note that NMR
measurements on such thin Nafion films (10 nm) are unprecedented and required
substantial effort to develop a suitable experimental protocol. Fortunately, the
comparatively high receptivity of the 'H nucleus allows for the detection of protons, even
in these extremely thin films. NMR measurements were performed at different
temperatures and relative humidity (RH) conditions to extract the activation energy and
compare with available data on the long-range proton transport as determined by
impedance spectroscopy measurements on the nanothin films. Here we utilize a
combination of 'H transverse relaxation (T,) properties, and chemical shift trends, both
measured as a function of temperature and RH, to scrutinize the difference between these
two types of Nafion films. Within the Nafion films, the dominant mechanism of 'H T,-

relaxation is homonuclear dipolar couplings among the protons in the water/acidic proton
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domains. Increasing local mobility, which changes internuclear distances, and the
orientation between spin pairs, readily averages the dipolar couplings in a H-bonded
network. Therefore, differences in the T, behaviour may be used as a measure of the
difference in local dynamics in the hydrogen-bonded domains. Trends in line width
(which are proportional to 1/T,*) as a function of temperature have been shown to
correlate with the trends in macroscopic conductivity.'® In this case, due to the very
subtle differences between the samples of interest, we have implemented Hahn echo
measurements to directly measure T,, and eliminate any influence of local field
inhomogeneity on the observed relaxation properties."

In addition to monitoring relaxation properties, the chemical shift trends of the
single observable peak in these spectra are attributed to changes in the strength of the
local H-bonding network.'® A trend to lower chemical shift is attributed to increasing
local dynamics, as the H-bonding network loosens allowing higher mobility to occur.
3.2 Experimental
3.2.1 Nafion Dispersion Preparation

Commercially available 5 wt % Nafion (EW 1100) solution in water—alcohol
mixture (75/20 w/w alcohol to water) acquired from lon Power (USA) was used. Like
prior studies, the stock dispersion was diluted to desired Nafion concentration by
isopropyl alcohol.”*'”'® Nafion solutions of concentration 0.25 and 3.0 wt % were
prepared by adding appropriate amount of isopropyl alcohol (Sigma-Aldrich) to the stock
5 wt % Nafion solution. The diluted solution was equilibrated at least 24 h after initial 5
min sonication. Dilution followed by long equilibration time was allowed to bring the

high aggregation state to its lower aggregation state.
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3.2.2 Substrate Cleaning

Silicon wafer with a 300 nm thermally grown in both side of SiO; layer (MTI,
USA) was selected as a model substrate. The cleaning of Si0,/Si wafers involved
multiple steps. First, the wafer was exposed to a Piranha (Caution!) solution
(H2S04:H,0,; 7:3) at 80-90 °C for 1 h to remove surface contamination. Next, the wafer
was rinsed with Millipore water and dried under flow of compressed air. Subsequently,
the wafer was placed into an RCA (Radio Corporation of America) cleaning solution
mixture (DI H,O:NH4OH:H,0,; 5:1:1) at 70-80 °C for 30 min to remove organic
contaminants from the surface. Finally, the wafer was washed by Millipore water several
times and dried again under flow of compressed air. The cleanliness of the wafer was
confirmed by AFM and XPS analyses.
3.2.3 Film Fabrication by Self-Assembly

Nafion thin films were generated by a self-assembly method onto cleaned SiO,/Si
substrate. The cleaned substrate was immersed in the Nafion solution of known
concentration contained in a capped beaker. The substrate was exposed to Nafion
solutions for 12 h or otherwise specified time. After carefully removing the substrate
from the solution it was dried under a flow of dry air. Vacuum drying was carried out in
low vacuum (=30 in. of Hg) at 40 °C for 16-20 h.
The dry film thicknesses were measured on the similar 300 nm SiO; terminated Si wafer
but on a larger dimension (1 cm x 1 cm) sample by three different techniques; AFM,
ellipsometry, and XPS.” The three techniques yielded thicknesses by examining sample
area over three different length scales; a line scan over a micron long region by AFM, 50

micron diameter spot by ellipsometry and a few mm? areal region probed by XPS.
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Further, homogeneity of film thickness and morphology was characterized by AFM
topography, phase contrast image and calculated roughness as described by Paul et al.’

3.2.4 Solid-State NMR

The 160 nm and 10 nm films of Nafion were prepared, following the procedure
described above, on 5 mm circular disks of Si wafer terminated with 300 nm thick SiO,.
Fourteen disks were placed into a 7 mm rotor with powdered Teflon in between each
layer. The rotors were then placed in a humidity chamber to equilibrate for 24 hours.
Afterwards the rotor was capped, to maintain a constant lambda within the rotor during
variable temperature 'H MAS NMR experiments. The samples were spun only to 800 Hz
due to stability in spinning and the weight of the rotor. As a control Teflon was packed in
a rotor and humidified to 95%, where no 'H signal was obtained. Therefore, any
dynamics observed due to humidification is due to the films and not due to the packing
material. NMR measurements were performed on an Avance Bruker 500 MHz
spectrometer. Pulses used were calibrated to 7 ps for the 90° pulse with a 2 s delay
between pulses. All "H NMR shifts were calibrated to the adamantane 'H chemical shift
of 1.84 ppm, acquired at 5 kHz MAS. Variable temperature experiments were conducted
in the 300-350 K range and temperature achieved by heating the bearing gas. Transverse
magnetization relaxation measurements were conducted using a Hahn echo pulse
sequence. This sequence uses an initial 90° pulse followed by a delay and 180° pulse
with acquisition at the peak of the echo achieved using a synchronized delay. The delays
were incremented through 16 steps between 30-630 us. Hahn echo data was analyzed to
evaluate the relaxation rate, T,, from the intensity of each FID after magnitude correction,

a single exponential fit the data to extract T,.
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3.3 Results and Discussion

3.3.1 Solid-State '"H NMR

Solid-state NMR of protons is inherently sensitive, due to the high gyromagnetic
ratio of the 'H nuclei. However, ultimately the number of nuclei within the NMR coil
determines the sensitivity of the experiment. This makes the particular configuration of
nanothin films coated on silicon wafers particularly challenging, as the bulk of the sample
holder is filled with inactive material. In most cases this would be alleviated by simply
increasing the thickness of the coating upon the substrate, however in this case, it is
particularly the nanothin nature of the film, which is of physical interest. Thus, we spent
a great deal of effort on experimental design, to ensure the viability of the experiment.
We established that a static measurement of a stack of rectangular wafers was in fact
sensitive to the orientation of the wafers within the magnetic field, resulting in chemical
shift changes with orientation. This is a well-known effect for single crystals, and
implies a degree of orientational preference for the hydrated domains within the
nanofilms. To overcome this difficulty, and ensure the reproducibility of the chemical
shift measurements, we modified the sample preparation to take advantage of the full
rotor volume, and to enable modest magic angle spinning, simply to achieve sufficient
averaging to overcome position-dependent chemical shift or linewidth changes.
3.3.1.1 Transverse Relaxation (T;) Measurements

Figure 3.2 shows an example transverse relaxation data set, which was measured
using a series of 'H Hahn echoes, as a function of both film thickness and temperature.
The delay between the pulses is incremented, and the signal intensity decreases
exponentially; subsequently this decay is modeled using a single exponential to determine

T,. The fit of the T, decay is of very high quality and the spectra collected were of a high
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signal/noise ratio in spite of the minute amount of sample present in the rotors. Even the
160 nm film, on a stack of 10 disks, would only have a total hydrated sample mass of ~60
ug. In contrast, a typical solid-state '"H NMR experiment on an organic solid would be
performed with 10 mg of active material. The challenging experiment attempted here is
made feasible by the high sensitivity and receptivity of the "H nuclei, and careful,
deliberate setting of the NMR parameters (stable spinning speed, accurate pulse lengths).
This demonstrable sensitivity is promising for any future solid-state NMR experiments on

ionomers in catalyst layers due to the similar amounts of active material being present.
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Figure 3.2: Stack plot of 'H Hahn echo free induction decays, presented in magnitude
mode to show the change of intensity. Delay times were incremented from 30us to 630
us delays. Example data is shown for the 10 nm thin film at 300 K and 60 % RH. The
intensity of each FID is plotted against the incremented delay and is modeled using a
single-exponential decay function. T, was determined to be 44.7+3 us in this instance.
The "H Hahn echo method was applied to the ultra-thin and thin films as a
function of relative humidity and temperatures. The T, values extracted from these

datasets are plotted in Figure 3.3. The samples were equilibrated to the same relative

humidity and, once equilibrated and sealed within the rotor, the value of lambda was
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assumed to be constant with increasing temperature. For both the ultra-thin and the thin

films, the T, was the same within error at all temperatures and humidities performed. It is

concluded that the local proton dynamics in both films are in the fast exchange limit."

Since both the ultra-thin and thin films have similar behaviour with T, measurements,

data provided by this technique is not able detect the differences in proton mobility. This

is a first indication that the NMR reveals a strong similarity in the local proton dynamics,

hinting that a more long-range structural difference may give rise to the different

macroscopic behaviours. Moving beyond 'H T, measurements, the trends of chemical

shift as a function of temperature are monitored, as a measure of changing local

environments, and an increasingly loose hydrogen-bonding arrangement.*
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Figure 3.3: 'H Variable Temperature NMR T, Hahn echo, Static, 7 mm rotor, 500 MHz
a) 10 nm Nafion Thin Film A=45 b) 160 nm Nafion Thin Film A=5.

3.3.1.2 Shift Trends in '"H NMR

A previous study showed that the "H chemical shift and linewidth in Nafion are

highly responsive to water content.”’ As shown by Ye et al., fully dehydrated Nafion

possess a broad peak at a high chemical shift, whereas fully hydrated Nafion exhibits a
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narrow peak at lower chemical shift.”! Figure 3.4 illustrates the chemical shift trends for
both the ultra-thin and thin Nafion films. Both the ultra-thin and thin films follow trends
observed with bulk Nafion, where the resonance at high water content occurs at a low
chemical shift and moves toward higher chemical shift with decreasing humidity. One
main difference between the ultra-thin and thin films is their 'H chemical shift. The
ultra-thin Nafion film possesses a higher chemical shift overall than the thin film
indicating that the H-bonded network is bound more tightly than in the thin Nafion film.
This is the first evidence that there is a measurable difference in the local dynamics

between both films observed by 'H NMR.
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Figure 3.4: 'H 800 Hz MAS Solid-State NMR of Humidified Ultra-Thin and Thin
Nafion Films at 25°C. Samples were packed into a 7 mm rotor with powdered Teflon in
between the disks. Samples were humidified for 24 hours to equilibrate fully to the
conditions.
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'H chemical shifts are known to change with temperature due to changes in the H-
bonded network. This phenomenon can be observed in Figure 3.5 where the 'H MAS
NMR of Nafion thin films at 95% RH changes with chemical shift as the temperature is
increased. The peak is narrow as expected with high water content that increases local
dynamics with higher mobility in the H-bonded network. The chemical shift dramatically
decreases towards lower frequency with increasing temperature due changes in local
dynamics with the H-bonded network increasing in mobility. To further probe the
differences in the films variable temperature '"H NMR was performed at various relative
humidities to observe differences in local dynamics via the influence on the chemical
shift. Under variable temperature '"H NMR at high humidity, both films exhibit a low
chemical shift (between 3-4 ppm) that is comparatively unchanged with increasing
temperature as seen in Figure 3.6a. Thus, both the ultra-thin and thin Nafion films show
similar behaviour, indicating that at high humidity the local dynamics similar, as found
by T, analysis as well. However, as seen above in Figure 3.4 more substantial

differences between ultra-thin and thin films are observed as the humidity is lowered.
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Figure 3.5: '"H MAS Variable Temperature NMR of 160 nm film at 95% (A=10).

At decreased relative humidity (60 and 48%) the 'H chemical shifts of both the
ultra-thin and thin Nafion films move to higher frequency, consistent with stronger
hydrogen bonding, as seen in Figure 3.6b and 3.6¢. The thin film exhibits behavior that
was comparable to the membrane form of Nafion, where the chemical shift increased
with decreasing R.H., and the chemical shift change with temperature becomes
substantial. This indicates a strongly thermally activated proton hopping process within
the thicker films, as within Nafion membranes. In contrast, the ultra-thin film does not
change its 'H chemical shift as a function of temperature at low humidity (48 and 60%).

The chemical shift differences between the ultra-thin and thin films are most significant
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under lower humidity conditions, as described in Figure 3.4; moreover, the thin film
chemical shift is increasingly temperature dependent with decreasing humidity, in
contrast to the temperature-independent chemical shift of the ultra-thin films. This
temperature-independent behaviour of the ultra-thin films at low humidity indicates a
lack of change in its H-bonded network. It may be noted that for the 10 nm film, the
water uptake at 40% RH, as reported in Table 3.1, is still significantly higher than that of
the thicker film, or Nafion membrane. Thus, the local proton environment of the ultra-
thin film is water-rich and protons have highly dissociated such that as a result further
change in humidity does not change the proton dynamics. The T, study above showed
that at low humidities the ultra-thin film was in fast exchange, and yet at these conditions
it is also temperature independent. This combined behaviour implies that there are
domains within the structure that are in fast exchange, however long-range transport is
impeded between the domains, which accounts for the larger activation energy for
macroscopic conductivity in the ultra-thin films. In contrast, the thin film exhibits typical
temperature-dependent behaviour, as seen for Nafion 117, indicating that long-range
transport could be achieved in this film, explaining the differences of proton conductivity

with ultra-thin and thin films.''
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Figure 3.6: Chemical shift trends for 'H MAS NMR spectra of humidified thin and ultra-
thin Nafion films.acquired under 800 Hz MAS, using 7 mm rotors. A) Equilibrated to

95% RH B) Equilibrated to 60% RH C) Equilibrated to 48% RH.
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3.4 Conclusion

'H solid-state NMR was applied for the first time to nanothin Nafion films,
humidified under controlled conditions, and acquired under slow MAS. These results
demonstrate the viability of "H NMR under such challenging conditions, and open the
door to further measurements of ionomers within fuel cell catalyst layers, where loadings
are extremely low. Intriguingly, conductivities differed greatly between ultra-thin and
thin Nafion films, attributable to either differences in local dynamics or limitations in
long-range transport. Using solid-state "H NMR, it was shown that T, remained constant
within error for both film thicknesses and under all humidity and temperature conditions,
consistent with fast "H exchange within the H-bonded domains. The largest contrast
between the ultra-thin and thin Nafion films was detected for the 'H chemical shifts
measured at low humidity. The thin film portrayed temperature dependent behaviour
consistent with changes in the H-bonded network as proton conductivity increased. This
behavior is consistent with other data, which demonstrated that the thin films have
performance and properties equivalent to those determined for standard Nafion
membranes. The hydrophobic surfaces, together with the thermally activated proton
dynamics, are consistent with a picture of an internal phase-segregated structure with
continuous channels for proton transport. In contrast, it was shown that the ultra-thin
film at low humidity exhibited temperature independent 'H chemical shifts, indicating
that there were no additional changes to the H-bonded network. This observed behaviour
could be interpreted as a set of isolated pools of conductive domains on the hydrophilic
surface of the ultra-thin films, where increasing temperature cannot further enhance

proton mobility at the local scale. We speculate that the ultra-thin film has limited ability
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to structurally rearrange in order to achieve a contiguous network for long-range
conductivity, causing a lower overall conductivity and higher activation energy for
macroscopic transport in spite of the high level of water uptake on the surface. This
hypothesis is supported by recent GISXAS and TEM analysis of ultra-thin/thin films
where no characteristic ionomer domain in 4-10 nm films were observed.” This may be
due to the influence of surface-polymer interactions, which become dominant as the film
becomes thinner, prompting ongoing studies of the role of the substrate.

3.5 References

(1)  Mauritz, K. A.; Moore, R. B. State of Understanding of Nafion. Chem. Rev. 2004,
104, 4535-4585.

(2)  Carrette, L.; Friedrich, K. A.; Stimming, U. Fuel Cells - Fundamentals and
Applications. Fuel Cells 2001, 1, 5-39.

(3) Holladay, J. D.; Hu, J.; King, D. L.; Wang, Y. An Overview of Hydrogen
Production Technologies. Catal. Today 2009, 139, 244-260.

(4) Tailoka, F.; Fray, D. J.; Kumar, R. V. Application of Nafion Electrolytes for the
Detection of Humidity in a Corrosive Atmosphere. Solid State Ion. 2003, 161, 267-277.
(5) Paul, D. K.; Karan, K.; Docoslis, A.; Giorgi, J. B.; Pearce, J. Characteristics of
Self-Assembled Ultrathin Nafion Films. Macromolecules 2013, 46, 3461-3475.

(6) Modestino, M. A.; Paul, D. K.; Dishari, S.; Petrina, S. A.; Allen, F. I.; Hickner, M.
A.; Karan, K.; Segalman, R. A.; Weber, A. Z. Self-Assembly and Transport Limitations
in Confined Nafion Films. Macromolecules 2013, 46, 867-873.

(7) Eastman, S. A.; Kim, S.; Page, K. A.; Rowe, B. W.; Kang, S.; DeCaluwe, S. C.;

Dura, J. A.; Soles, C. L.; Yager, K. G. Effect of Confinement on Structure, Water

69



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

Solubility, and Water Transport in Nafion Thin Films. Macromolecules 2012, 45, 7920—
7930.

(8)  James, P. J.; Antognozzi, M.; Tamayo, J.; McMaster, T. J.; Newton, J. M.; Miles,
M. J. Interpretation of Contrast in Tapping Mode AFM and Shear Force Microscopy. A
Study of Nafion. Langmuir 2001, 17, 349-360.

(9) Siroma, Z.; Kakitsubo, R.; Fujiwara, N.; loroi, T.; Yamazaki, S.; Yasuda, K.
Depression of Proton Conductivity in Recast Nafion (R) Film Measured on Flat
Substrate. J. Power Sources 2009, 189, 994-998.

(10) Paul, D. K.; Fraser, A.; Karan, K. Towards the Understanding of Proton
Conduction Mechanism in PEMFC Catalyst Layer: Conductivity of Adsorbed Nafion
Films. Electrochem. Commun. 2011, 13, 774-777.

(11) Paul, D. K.; Karan, K. Conductivity and Wettability Changes of Ultrathin Nafion
Films Subjected to Thermal Annealing and Liquid Water Exposure. J. Phys. Chem. C
2014, /18, 1828-1835.

(12) Eikerling, M.; Kornyshev, A. A.; Kuznetsov, A. M.; Ulstrup, J.; Walbran, S.
Mechanisms of Proton Conductance in Polymer Electrolyte Membranes. J. Phys. Chem.
B 2001, 105, 3646-3662.

(13) Schmidt-Rohr, K.; Chen, Q. Parallel Cylindrical Water Nanochannels in Nafion
Fuel-Cell Membranes. Nat. Mater. 2008, 7, 75-83.

(14) Kiihne, R. O. Study of Transient Chemical Reactions by NMR. Fast Stopped-Flow
Fourier Transform Experiments. J. Magn. Reson. 1969 35, 39-67.

(15) Hahn, E. L. Spin Echoes. Phys. Rev. 1950, 80, 580—594.

70



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

(16) Graf, R. New Proton Conducting Materials for Technical Applications: What Can
We Learn from Solid State NMR Studies? Solid State Nucl. Magn. Reson. 2011, 40, 127—
133.

(17) Dishari, S. K.; Hickner, M. A. Antiplasticization and Water Uptake of Nafion Thin
Films. Acs Macro Lett. 2012, 1, 291-295.

(18) Modestino, M. A.; Kusoglu, A.; Hexemer, A.; Weber, A. Z.; Segalman, R. A.
Controlling Nafion Structure and Properties via Wetting Interactions. Macromolecules
2012, 45, 4681-4688.

(19) Bain, A. D. Chapter 2 Chemical Exchange. Annu. Rep. NMR Spectrosc. 2008, 63,
23-48.

(20) Jameson, C. J. Understanding of Chemical Shifts. Annu. Rev. Phys. Chem. 1996,
47,135-169.

(21) Ye, G.; Janzen, N.; Goward, G. R. Solid-State NMR Study of Two Classic Proton
Conducting Polymers: Nafion and Sulfonated Poly(ether Ether Ketone)s.
Macromolecules 2006, 39, 3283-3290.

(22) Paul, D. K.; McCrery, R.; Karan, K. J. Electrochem. Soc. 2014, 161 (14), F1395-
F1402.

(23) Sone, Y.; Ekdunge, P.; Simonsson, D. Proton Conductivity of Nafion 117 as
Measured by a Four-Electrode AC Impedance Method. J. Electrochem. Soc. 1996, 143,
1254-1259.

(24) Zawodzinski, T. A.; Derouin, C.; Radzinski, S.; Sherman, R. J.; Smith, V. T.;
Springer, T. E.; Gottesfeld, S. Water Uptake by and Transport Through Nafion® 117

Membranes. J. Electrochem. Soc. 1993, 140, 1041-1047.

71



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

Chapter 4
Double Quantum NMR Investigation of Motion in Solid Acids for
Proton Exchange Membrane Fuel Cells

Currently, the most popular proton exchange membrane (PEM) for fuel cell applications
i1s Nafion. However, it is not sufficiently conductive at high temperatures due to its dependence
on-water for proton transport. To access the desired high operational temperature, a family of
solid acids was investigated. Cations with known dynamics were paired with anions to make an
overall acidic salt. Solid acids of interest here include imidazole paired with
trifluoromethanesulfuric acid as well as imidazole, benzimidazole and adenine paired with
methanesulfonic acid. Solid state NMR was utilized to show the relative mobility of protons
through double quantum filter (DQF) experiments. The POST C7 homonuclear dipolar
recoupling scheme was paired with DUMBO for 'H homonuclear decoupling to produce a
double quantum coherence buildup curve. When the maximum in the build up curve is reached at
short recoupling times, this indicates strong dipole-dipole coupling, and is interpreted to indicate
limited dynamics of the H-bonded protons. In contrast, when the build-up curve is stretched out,
only reaching a maximum at longer recoupling times, it is inferred that such H-bonded protons
(in an otherwise similar structure) are associated with proton transport which reduces their local
dipolar coupling. The buildup curves have been simulated in Spin Evolution®, utilizing up to 8
pairs of homonuclear dipolar couplings within a sphere of 3.5 A.' This was performed relative to
the central H-bonded proton to extract the characteristic build-up curves. Bulk proton
conductivity measurements were compared to DQF measurements to understand proton
conduction within these materials.

This chapter has been submitted to Physical Chemistry Chemical Physics and the co-

authors of this paper are K.J. Harris and G.R. Goward. K.J. Harris aided in setting up the pulse
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sequence on our spectrometer and coding the simulation input file and G.R. Goward assisted in
discussions and editing this draft. I synthesized the salts, performed EIS, NMR and simulations
on all the samples and prepared the draft of this paper.
4.1 Introduction

Proton electrolyte fuel cells (PEFCs) are promising energy carriers for both automobiles
and stationary applications. Current PEFCs use Nafion” as an electrolyte due to its chemical
resistance, durability and high proton conductivity.” Nafion conducts protons via a vehicle
mechanism utilizing water as a proton carrier. Thus PEFCs constructed with Nafion are optimal
for operation only at temperatures <80°C due to their dependence on water.” Unfortunately, these
low temperatures are also where the catalyst is most susceptible to carbon monoxide poisoning.*
For increased catalyst longevity, operational temperatures above 120°C have been

recommended.’

Promising alternatives to Nafion include inorganic and organic solid acids due to their
temperature and electrochemical stability.*'® These solid acid systems utilize the Grotthuss
mechanism for proton conduction instead of the vehicle mechanism, which may enable
anhydrous high temperature operating conditions.'' Inorganic solid acids were first introduced by
Haile et al. using CsHSO4 which was shown to provide high proton conductivity for up to 80

hours at 250°C.°

Other solid acid conductors employ heterocyclic cations with organophosphorus or
organosulfur anions to produce an organic solid acid.’” These organic solid acids have
demonstrated modest proton conductivity under anhydrous high temperature conditions.
Benzimidazolium and imidazolium phosphonates have been reported to retain proton

conductivities on the order of 1x10° to 1x10” S/cm under anhydrous, high-temperature
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conditions;'? however, polymerization of the phosphate groups was found to limit long term
stability.” Sulfonate groups are more resistant to polymerization and as such represent a
promising alternative. Our results on proton conductivity, stability, and local proton dynamics in
adenine-, benzimidazolium- and imidazolium-methanesulfonate, and imidazolium-

trifluoromethanesulfonate, are thus presented.

Electrochemical impedance spectroscopy is the industry standard for measurement of
proton conductivity for ionic conductors; however, this technique provides a bulk average
conductivity, which is influenced by variety of factors at different length scales. It does not
unambiguously provide insight into the molecular-level processes, which govern this proton
transport.  Solid-state '"H NMR is well known for its sensitivity to local hydrogen bonded
geometries. Moreover, the degree of local mobility can be measured in a site-specific fashion
using homonuclear dipolar recoupling schemes, which allows for an insightful description of
proton conduction pathways. By comparing these NMR findings with conductivity data, we
demonstrate here how the dipolar coupling characteristics can be mapped onto bulk conductivity

properties, and provide a tool for investigation of solid acid conduction pathways.
4.2 Solid-State NMR Theory

Solid-state "H NMR is utilized to probe hydrogen bonding environments, as observed via
the chemical shift itself, and dynamics on a molecular scale, as probed via the dipolar couplings
of the H-bonded protons.'* Dipole-dipole coupling interactions depend on the gyromagnetic
constant (y; and v;) of the nuclei (I and S), the distance (r) and orientation (0) between them

through the well-known Hamiltonian for homonuclear dipolar coupling as seen in Equation

4.1.°
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The inherently strong homonuclear dipolar couplings create broad spectra in 'H solid-
state NMR spectra of organic solids. To enhance the resolution of proton spectra in the solid-
state two methods are commonly employed. Ultra-fast magic angle spinning (MAS), with
currently accessible spinning speeds ranging from the routine 25 kHz to more recent
achievements of up to 100 kHz, are often sufficient to achieve reasonable spectral resolution
through averaging of the spatially-dependent portion of Equation 1. Secondly, decoupling
CRAMPS (combined rotation and multiple-pulse spectroscopy) techniques are robust and readily
implementable in combination with other pulse sequence building blocks. This method utilizes
rf pulses to synchronize rotations of nuclear spins about the magic angle, together with moderate
speed MAS to achieve dramatic line narrowing averaging the spin portion of Equation 1. There
are several well-known CRAMPS sequences, such as frequency-switched Lee-Goldburg
(FSLG), phase-modulated Lee-Goldburg (PMLG) and decoupling under mind boggling
optimization (DUMBO).'*"® For this chapter we use DUMBO for our homonuclear decoupling
due to it is a continuous method that utilizes lower power and can operate at higher sample

spinning speeds.

Once chemical shift resolution has been achieved, it is useful to extend the NMR study to
probe dipolar couplings among resolved 'H sites. This is typically achieved using a double
quantum coherence (DQC) excitation scheme, such as POST C7 or back-to-back (BaBa) to
recouple homonuclear dipole-dipole couplings.”>** A 1D double quantum filter (DQF)

experiment would result in attenuation or elimination of sites due to either lack of near neighbors
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or mobility. Using a 2D DQF experiment spins pairs can be observed that exhibit a dipole-dipole
coupling, which is shown in chapter 2. The efficiency of the recoupling depends on the distance
between the protons, as well as the length of the excitation pulse sequence. Here we have
utilized the POST C7 sequence, as a function of incremented excitation and reconversion
periods, to create DQC buildup curves to probe the homonuclear dipolar couplings for spin pairs
within the structures. In particular, we have focused on those couplings that represent inter-
molecular contacts between the H-bonded centers and the anion/cation of the solid-acid
structures. The dipole-dipole coherences are observed using 2D POST C7 single-quantum:
double quantum correlation spectra, where only spin pairs that possess a dipole-dipole coupling
would be observed in the 2D spectrum. We have evaluated the spectra and created DQC buildup
curves for each spin pair. In each case the steepness of the buildup curves are compared to
evaluate the relative strengths of the dipolar interactions, in analogy to previous work by S.P.
Brown and co-workers.”> With all the relative dipole coupling strengths known pathways of
proton conduction can be inferred to differentiate between different structures to predict

performance.

While "H NMR provides a local picture of the dynamics in the hydrogen-bonding motif,
proton conductivity is obtained via electrochemical impedance spectroscopy (EIS), which probes
the bulk transport properties.***> Conductivity measurements will be correlated with NMR data
to compare the relative efficiency of proton transport within the organic solid acids of interest

here.’
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4.3 Experimental
4.3.1 Sample Preparation

Adenine methanesulfonate (AMSA) benzimidazolium methanesulfonate (BMSA) and
imidazolium methanesulfonate (IMSA) were synthesized by dissolving adenine, benzimidazole
or imidazole in minimal amounts of methanol and adding methanesulfonic acid in a 1:1 molar
ratio. The solution was left to crystallize the product. Crystals were heated at 80°C for 24 hours
to remove any trapped solvent. Imidazolium trifluoromethanesulfonate (IFMS) was purchased
from Sigma Aldrich.

4.3.2 Solid-State NMR Experiments

All POST-C7 DQ excitation and reconversion steps were performed under 12.5 kHz
MAS using an 87.5 kHz rf field at 11.7 T with a Bruker Avance spectrometer. Samples were
packed in 2.5 mm rotors and spectra were referenced to adamantane (1.85 ppm for 'H).%® Delays
set were chosen to be 5 times greater than the T, of the sample ranging from 10-45 s. DUMBO
homonuclear decoupling was achieved using an optimized rf field of just under 100 kHz. A set
of 2D POST-C7 DQ experiments with DUMBO decoupling were collected over a series of DQ
excitation and reconversion periods, where these two periods were varied symmetrically. Blocks
of 1 to 10 POST-C7 DQ pulse sequence elements were used to generate these DQ excitation and
reconversions.

Experiments performed under a 21.1T external field were performed at the National
Ultrahigh-Field Solid-State NMR Facility, in Ottawa, Canada. These experiments were
conducted with a specially built single-frequency probe, which employs rotors of 0.85 mm
diameter and achieves spinning speeds of 100 kHz. 2D DQ-SQ correlation spectra acquired

under ultrafast MAS used two rotor periods (22 ps) for DQ excitation and reconversion using the
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BaBa sequence with a 100 kHz rf field.”'*® Under ultrafast MAS conditions, no homonuclear
decoupling pulse sequence was found necessary for high-resolution spectra.

Simulations of the POST-C7 DQ experiments were conducted using the
SPINEVOLUTION software package. Each particular 'H nucleus of interest was investigated
using simulations including that proton and all others appearing inside a sphere with a 7 A
diameter within the crystal structure. Chemical shift anisotropy was not considered, as it has
been shown to have a negligible effect on DQ buildup curves for protons in organic systems
under moderate external field strengths.”® Experimentally, the frequency of the SQ coherences
have to be measured during the direct dimension to separate the signal into contributions from
the various nuclei; in contrast, simulations are easily arranged to directly report the intensity of
the SQ coherence after the DQ to SQ reconversion. Accordingly, the 2D experiments were
rapidly investigated using 1D simulations that are equivalent to one slice of the indirect
dimension of the experiment at the frequency of the SQ coherence for the spin of interest. These
1D spectra were simulated using a rotor-synchronized dwell period and 64 data points, and the
frequency of each peak within them were used to identify the nuclear spin that is coupled to the
spin of interest. In all simulations, dipolar couplings were set to zero during the DQ evolution
period, and 60 crystallites arranged over a sphere were used to model the powder. A series of
such 1D simulations, with different lengths of POST-C7 DQ excitation and reconversion blocks,

were used to generate the Figures shown below.

4.3.3 Macroscale Techniques
Clear and colorless single crystals were grown via slow evaporation from a saturated
methanol solution. Single crystal X-ray experiments were obtained by making a saturated

solution of the salt in methanol. All crystals obtained were clear and colourless. X-ray
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diffraction measurements were conducted at 100 K with a Bruker D8 diffractometer equipped
with a SMART6000 CCD detector. The radiation source was a Cu K-a with a wavelength of
1.54178 A.

Electrochemical impedance spectroscopy was carried out with a Gamry Interface 1000
potentiostat. Pure salts were pressed into pellets with 5000 psi of pressure, sintered at 130°C
overnight and covered in 30 nm of gold on both sides for through-plane conductivity
measurements. The cell was equilibrated in an oven under anhydrous conditions for one hour
before conductivity measurements at 25°C. Experiments were conducted at a DC voltage of
0.5 V, amplitude of 50 mV, and a frequency sweep from 1.0x10° to 1.0 x10° Hz.

4.4 Results and Discussion

Organic solid acids are promising materials for PEMFCs due to their high
electrochemical stability in high temperature anhydrous conditions. Solid-state NMR is used
here to probe locally hydrogen-bonded sites. The relative mobility of each H-bonding motif,
probed by measuring DQC buildup curves and their simulations, is correlated with the efficiency
of that solid-acid structure in achieving bulk proton transport.

4.4.1 Electrochemical Impedance Spectroscopy

Previous studies have shown that the increase in conductivity as a function of
temperature can be correlated to the melting point of the salt. Melting point determinations were
conducted using differential scanning calorimetry where the melting point of AMSA is >300°C
whereas, BMSA, IMSA and IFMS melt at 240°C, 191°C, and 189°C respectively. Based on the
melting points it is predicted that IFMS would possess the highest proton conductivity among the
salts, at a given temperature (less than the melting points). Table 4.1 lists the bulk proton

conductivities of four organic solid acid salts measured at 25°C, i.e., the same conditions used in
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the solid-state NMR experiments. Of the three structures that include the methylsulfonic acid
anion, AMSA has the lowest room temperature conductivity at 2.7+0.1x10"° S/cm. The other
two methylsulfonic acid analogues, BMSA and IMSA, have similar conductivities at 5.5+0.2x10"
% and 5.7+0.1x107'° S/cm respectively. It is interesting to note that the conductivity BMSA
possesses is similar to IMSA, in spite of the larger benzimidazolium cation. This indicates that
the rotation of the cation is not rate limiting for proton transport in these two salts.”’ The fourth
solid acid structure is analogous to IMSA, where the methyl group has been replaced with a
fluorinated methyl group. The result is a more open structure for IFMS, which was confirmed
crystallographically where IFMS has the highest cell volume of 1633.56 A® compared to AMSA,
BMSA and IMSA, which possess cell volumes of 960.77 A’ 984.54 A’ and 1419.59 A’
respectively. This created a material that possesses the highest proton conductivity of the group
by a small margin. However, when measuring conductivities of salts, grain boundaries
throughout the salt can alter overall performance. With different preparation procedures the
grain boundaries can be reduced, thus proton conductivity can be increased. For remainder of
this chapter we use solid-state NMR to probe mobility in these salts that could otherwise be
hidden due to grain boundary resistances in proton conductivity measurements.

Table 4.1: Proton Conductivity of solid acids determined by EIS at 25°C under anhydrous
conditions.

Salt Conductivity (S/cm)
AMSA 2.7£0.1x10™"°
BMSA 5.5+0.2x10"°
IMSA 5.7+0.2x10"°
IFMS 6.4+0.2x10"°
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4.4.2 "H MAS NMR

Solid-state NMR probes compounds on a localized scale to reveal H-bonded network
within the compounds of interest. For organic solid acids we can determine pathways that
facilitate proton conduction throughout the structure. In this chapter we utilize a double quantum
filter experiment to collect double quantum coherence (DQC) buildup curves through
incremented excitation and reconversion times to determine dipole-dipole couplings within solid
acids. Integrating the contour in each 2D experiment at these incremented times and plotting
how the intensity changes over time constructs the DQC buildup curves. In particular, for this
chapter we utilize the 2D POST C7 DUMBO sequence. For each solid acid we report an
example 2D correlation spectrum, together with the full build-up curves (experimental and
calculated based on crystallographic structure) for each intermolecular 'H-"H pair that includes

the H-bonded proton found in the structure.

Before focusing on the solid acids, it is valuable to demonstrate the viability of the pulse
sequence and simulation protocol in our hands. The Brown group has demonstrated this strategy
for structural analysis for the dipeptide B-AspAla based on strengths of dipole-dipole coupling.”
Here, we chose glycine, which has a well-known structure with no significant ion mobility. This
provides a robust standard for demonstrating the effectiveness of the pulse sequence.
Additionally, it allows for simulation of its DQC buildup curves based on structural data, where
local dynamics and their potential damping effect on the buildup curve will not play a role. In
Figure 4.1, the direct dimension shows the 1D 'H spectrum of glycine that possesses three
equivalent proton sites in the NH3; moiety at 8.1 ppm denoted site B and two inequivalent sites in
the CH; group at 4.2 and 3.0 denoted A and A’ respectively. Site B is baseline-resolved from the

CH; protons and the CH; protons are resolved. This experiment with MAS alone would not
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possess this site resolution, however with homonuclear decoupling the three sites are readily
observable. For the indirect dimension in Figure 4.1, four dipole-dipole couplings result from
the three sites in glycine. The dipole-dipole coupled pairs are between A-A’, B-A, B-A’ and B-
B. Both A-A’ and B-B represents both the intramolecular autocorrelation that is present within
the functional groups (~1.8 A) and intermolecular interactions between the same functional
groups (~2.5 A). The autocorrelation is a weighted average of both of these distances, with the
shorter distance having a higher impact due to relationship between distance to dipole coupling.
B-A and B-A’ represent the bonding that exists between different functional groups both
intramolecularly (~2.5 A) and intermolecularly (~3.3 A). Distances between the atoms were
determined from the x-ray signal crystal structure. The structure for glycine first reported by

Gustav et al, was used for the analysis of the DQC buildup curves.*
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Figure 4.1: On the left is a 2D 'H 12.5 kHz MAS POST C7-DUMBO using a supercycle with 2
loops of recoupling of Glycine collected on a 500 MHz at room temperature. There are three
resonances observed in the direct signal quantum with four dipole-dipole coupled seen in the
indirect double quantum dimension. On the right is the structure of glycine.

When comparing DQC buildup curves there are two main things to keep in mind; the
time that is required to reach the maximum and the slope of the buildup. The shorter the time
required to reach the maximum indicates strong dipole-dipole coupling. Longer times correlate
to a weaker dipole-dipole coupling. Therefore, with initial inspections relative strengths of
dipole-dipole coupling can be made. A similar comparison can be made with the slopes, the
steeper the slope the stronger the dipole-dipole coupling and the gentler the slope the weaker the
coupling. Since these structures are hydrogen rich, up to 10 spins were included in the
simulations, to include all pairs that contribute to the pair of interest.

In Figure 4.2A, shows the DQC buildup curves for three of the spin pairs, A-A’, B-B and

B-A. For A-A’ and B-B signals, both the DQC buildup curves rise steeply indicating strong
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dipole coupling as expected from the short intramolecular distances that occur for both spin
pairs. For B-A spin pair the intramolecular distance increases causing the DQC buildup to be
slower than the shorter atomic distances that are present between B-B and A-A’ sites. The
simulations (Figure 4.2B) match the DQC buildup curves well for A-A’ and B-B as both the
slopes are steep and both simulations possess the same maximum. For B-A the slopes of the
experimental and simulated DQC buildup curve were 0.0029+0.0005 s™' and 0.0020+0.0007 s™
respectively. Considering that the experimental and simulated DQC buildup curves possess
similar maxima and their slopes are within error of each other, the simulated DQC buildup
curves were determined to match well with the experimental DQC curve. Since the experimental
data match the simulated data based on the crystal structure of glycine, the DUMBO-POST C7
method was utilized on solid acid structures to investigate the hydrogen bonded network and

evaluate how efficiently different proton conduction pathways dampen the recoupling response.
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Figure 4.2: POST C7 DQC buildup curves of Glycine. A) Experimental buildup curves obtained
from 2D POST C7 DUMBO collected at incremented delays B) Simulated DQC buildup curves
of Glycine, which match generally well with experimental indicating there is no additional
motion on this timescale.
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The remainder of this section will be focused on the solid acids and the influence of their
ion dynamics on the DQ measurements, as compared with simulations based on their known
crystal structures. For BMSA, IMSA and IFMS their crystal structure details are included in a
previous study.'® For AMSA the crystal structure was determined for this study and its details are
presented below. The first solid acid of interest is BMSA, which possesses one hydrogen-bonded
peak, observed at 13 ppm (A), three aromatic peaks at 8 ppm (B), 6 ppm (C) and 4 ppm (D) and
one aliphatic site at 3 ppm (E) as seen in Figure 4.3 in the direct dimension. There are three
homonuclear dipole-dipole coupled pairs in the BMSA salt as seen in the indirect dimension of
Figure 4.3, which are labeled A-B, B-D and E-E. The DQC buildup curves for BMSA are seen
in Figure 4.4A, where each dipole-dipole coupled pair has a similar buildup curve, as the
evaluation of the slopes shows them to be equivalent within error. The simulated DQC buildup
curves (Figure 4.4B) possess the same maximum as the experimental and initial slopes of
experimental and simulated DQC buildup curves are within error to each other as seen in Table
4.2. Since all the DQC buildup curves and simulations are similar for all dipole-dipole couplings,
we can conclude that for this structure the dipole-dipole couplings are the same for each pair, and

that there is no motional averaging of the dipolar interaction in this case.
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Figure 4.3: On the left is a 2D 'H 12.5 kHz MAS POST C7-DUMBO using a supercycle with 2
loops of recoupling of BMSA collected on a 500 MHz at room temperature. There are five
resonances observed in the direct dimension with three dipole-dipole coupled seen in the indirect
double quantum dimension. On the right is an excerpt from the single crystal structure of
BMSA, highlighting the intermolecular couplings of interest.
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Table 4.2: Slopes of DQC Buildup Curves for BMSA, IMSA and IFMS Spin Pairs (x107)

BMSA
Pair Experimental Simulation
E-E 2.6+0.8 5! 2340.1s"
B-D 3.440.7 s 3.740.2 s
A-B 2.0+0.2 s 1.840.1 s
IMSA
Pair Experimental Simulation
A-B 1.840.2 s 1.840.2 s
A-C 1.840.2 s 1.340.3 s
B-D 1.840.2 s 1.540.6 s
IFMS
Pair Experimental Simulation
A-B 1.540.2 s 2.440.1s"
A-C 1.440.2 s 23404 s
C-B 1.040.1 s 1.740.1 s
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Figure 4.4: POST C7 DQC buildup curves of BMSA. A) Experimental buildup curves obtained
from 2D POST C7 DUMBO collected at incremented delays B) Simulated DQC buildup curves
of BMSA, which match generally well with experimental indicating there is no additional motion
on this timescale.
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The second solid acid of interest is IMSA, where the direct 'H NMR spectrum (Figure
4.5) shows four proton resonances including the hydrogen-bonded peak at 13.0 ppm (A), the
aromatic peaks at 7.6 ppm (B) and 9.1 ppm (C) and the aliphatic peak at 1.7 ppm (D). The
IMSA structure contains five short-range proton homonuclear dipole-dipole couplings as seen in
the indirect dimension of the 2D DQC spectrum in Figure 4.5, which are D-D, B-D, B-B, A-B
and A-C. For this structure, all the dipole-dipole coupled pairs possess similar DQC buildup
curves as seen in Figure 4.6A, therefore for simplicity only three dipole-dipole coupled pairs
will be shown in this chapter, which will be B-D, A-B and A-C. In Figure 4.6B, the simulated
DQC buildup curves possess the same maximum and the initial slopes of both DQC buildup
curves are the same within error as seen in Table 4.2. The DQC buildup curves for BMSA and
IMSA possess similar slopes and maximums for all the curves, and thus possess similar dipole-
dipole couplings. This shows that BMSA and IMSA should possess similar proton

conductivities, which supports the proton conductivity values obtained.
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Figure 4.5: On the left is a 2D 'H 12.5 kHz MAS POST C7-DUMBO using a supercycle with 2
loops of recoupling of IMSA collected on a 500 MHz at room temperature. There are four
resonances observed in the direct dimension with five dipole-dipole coupled seen in the indirect
double quantum dimension. On the right is the single crystal structure of IMSA.
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Figure 4.6: POST C7 DQC buildup curves of IMSA. A) Experimental buildup curves obtained

from 2D POST C7 DUMBO collected at incremented delays B) Simulated DQC buildup curves
of IMSA, where all buildup curves match well.
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The third solid acid structure of interest, IFMS has three protons shifts 11.4 ppm for the
hydrogen-bonded peak (A), 8.1 ppm for the first aromatic proton (C) and 7.1 ppm for the second
aromatic proton (B). There are four homonuclear dipole-dipole coupling pairs in this compound,
A-B, A-C, C-B and B-B as seen in Figure 4.7. The intermolecular distances for IFMS are similar
to BMSA and IMSA, however the DQC buildups of IFMS are slower as seen in Figure 4.8A
from longer recoupling times and gentler slopes. The simulated DQC buildup curves for IFMS
do not fit the experimental from the DQC maxima in do not correspond as seen in Figure 4.8B.
The simulated DQC buildup curves are predict a stronger dipole-dipole coupling (Table 4.2)
from the steeper slope observed for the simulated DQC buildup curve compared to the
experimental. Since the simulated curves predict stronger dipole-dipole couplings within the
structure this suggests that there are additional dynamics within the structure on this timescale,
the shallow slope of the experimental DQC buildup curve confirms this. Therefore, the similar
proton conductivity obtained for IFMS compared to BMSA and IMSA is artificially low due to
grain boundary resistance. This shows that the molecular level ion dynamics are not limiting the
rate of transport, and that macroscopic processing may be able to take advantage of this to

improve performance.
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Figure 4.7: On the left is a 2D 'H 12.5 kHz MAS POST C7-DUMBO using a supercycle with 2
loops of recoupling of IFMS collected on a 500 MHz at room temperature. There are three
resonances observed in the direct dimension with four dipole-dipole coupled seen in the indirect
double quantum dimension. On the right is the single crystal structure of IFMS.
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Figure 4.8: POST C7 DQC buildup curves of IFMS. A) Experimental buildup curves obtained
from 2D POST C7 DUMBO collected at incremented delays B) Simulated DQC buildup curves
of IFMS. For all the spin pairs observed for IFMS the simulated DQC buildup curves show a
slower buildup compared to the experimental curves indicating that there is additional dynamics
occurring in IFMS on this timescale.
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AMSA as stated above is not a proton conductor, however since it possesses numerous
hydrogen-bonded sites it is an interesting salt to study from its structure. AMSA depicted in
Figure 4.9C has a space group of P 2,/c with cell lengths of a 7.2162(8) A, b 14.6646(15) A and
¢ 9.1094(10) A. This crystal structure has a cell volume of 960.774 A* with a R-Factor of 3.19%,
which is the smallest cell volume for all the solid acids of interest (BMSA: 984.54 A’ IMSA:
1419.59 A® and IFMS: 1633.56 A*). This structure is compact, with short distances between
cation and anion. These constraints are thought to prevent the cation rotation about the C2 axis.
The anion has sufficient space to allow rotation; however it must simultaneously break six
hydrogen-bonded pairs to achieve rotation. AMSA was predicted to be a promising material due
to multiple hydrogen-bonded sites, however its compact, strongly H-bonded structure is found to

impede reorientation and thus limit proton conductivity.

The range of bond lengths indicated by the X-ray structure of AMSA suggested that a
wide range of buildup curves would be observed. The 2D DUMBO-POSTC7 can be seen in
Figure 4.9A, where initially it was observed that the spectral resolution was substantially worse
than for glycine and the other organic solid acids presented here. This is attributed to the dense
H-bonded network, resulting in stronger net homonuclear dipolar couplings within this solid.
From the set of 2D DUMBO-POST C7 with the varied excitation and reconversion times it was
not possible to obtain consistent integrations within reasonable error. Therefore, an attempt at
higher resolution was pursued through ultrafast MAS at 100 kHz to determine whether better

resolution could be obtained.
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Figure 4.9: A) 2D 'H 12.5 kHz MAS POST C7-DUMBO using a supercycle with 2 loops of
recoupling of AMSA collected on a 500 MHz at room temperature. There are five resonances
observed in the direct dimension with six dipole-dipole coupled seen in the indirect double
quantum dimension. B) 2D '"H 100 kHz MAS back-to-back of AMSA collected on a 900 MHz
spectrometer at room temperature using a 0.85 mm probe. C) Single crystal x-ray of AMSA.
D) AMSA structure with the spin pairs highlighted on the structure.

4.4.2.1 Ultra-fast Spinning Back-to-Back of AMSA

In most solid-state NMR labs spinning to 30 kHz is performed routinely and spinning at
100 kHz can be rarely achieved. To put this in perspective, ten years ago ultra-fast spinning used
to be considered to be 50-60 kHz and it is now over 100 kHz.>'** To obtain higher resolution

simply increasing the MAS rotation frequency was implemented. For POST C7 measurements
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the strength of the pulse is required to be equal to seven times the spinning speed (as explained in
Chapter 2), therefore this pulse sequence is not feasible at ultra-fast spinning speeds. This limits
the upper MAS rate to 12.5 kHz to have the largest bandwidth from pulse strength. Here the
back-to-back DQ recoupling sequence is chosen, as it is not correlated between pulse power

levels and spinning speed, such that higher MAS speeds may be used.

Figure 4.9B shows the 2D 'H 100 kHz MAS BaBa of AMSA. At high spinning speeds
six different proton sites are revealed in the single quantum dimension. There is one aliphatic
site at 1.7 ppm the methyl group on the anion, two aromatic sites can be observed at 7.9 and 8.3
ppm that represents each side of the aromatic ring. Three hydrogen-bonded sites are observed at
10.3, 12.7 and 13.5 ppm that can participate in proton conduction throughout this salt. The 2D
double quantum spectrum depicts seven homonuclear dipole-dipole coupled spin pairs as seen in
Figure 4.9D. The sites that are involved with proton conduction are the hydrogen-bonded sites.
In this salt, there are three hydrogen bonded sites which are labeled A, A’ and B. All three sites
participate in a homonuclear dipole-dipole coupling with either the aromatic or the methyl group.
Both protons on the aromatic ring possess dipole-dipole coupling to themselves; a sign that the
aromatic rings are close in space and thus may not conduct protons via a ring flip mechanism.
There are three dipole-dipole coupled pairs from the methyl group on the anion to the cation.
These hydrogen bonds prevent the anion from rotating freely to aid in proton conduction. DQC
buildup curves could not obtained due to the timing that was required for the pulse sequence.
However, we can infer that the dipole-dipole couplings are very strong due to the fact they
appear even with 100 kHz of spinning since at this spinning speed the sample temperature
approaches 60°C. This is also confirmed from the short intermolecular distances that AMSA

possesses, which are ~2.5 A.
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To understand the local and macroscale mobility for BMSA, IMSA and IFMS the
hydrogen bonded protons involved in proton conduction are compared using both the DQC
buildup curves and their proton conductivities. The experimental and simulated DQC buildup
curves are shown in Figure 4.10A and Figure 4.10B. The comparisons between the simulated
and experimental datasets show that the IFMS DQ response is the most attenuated relative to its
simulation based on a rigid lattice. From this we conclude that the local dynamics within the H-
bonded network of IFMS are faster than that observed in the corresponding IMSA and BMSA
data sets. Since the conductivities are similar for BMSA, IMSA and IFMS the higher dynamics
observed for IFMS from NMR have a significant impact showing that improved pellet
formation; higher proton conductivities can be obtained. The DQC buildup curves for IFMS
indicate all the sites behaving similar to BMSA and IMSA, thus indicating that the pathway is

the same but the mechanism occurs at a higher rate to explain the higher proton conductivity.
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Figure 4.10: A) Experimental and B) Simulation: Dipole-dipole coupled spin pairs to conductive
protons in solid acid salts. IMSA and BMSA have similar dipolar buildup curves and also similar
proton conductivity. IFMS possesses the highest proton conductivity and has the slowest DQC
buildup experimentally and the simulated DQC buildup is steeper than the experimental
indicating additional dynamics on this timescale.
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4.5 Conclusion

Predictions of proton conductivity and pathways can be concluded from POST C7 DQC
buildup curves. For AMSA the proton conductivity was too low to be relevant and possessed the
highest dipole-dipole coupling. With BMSA, IMSA and IFMS all have a dipolar coupling with
the hydrogen-bonding site (A, responsible for proton conduction) with their aromatic rings. All
three A-B dipole-dipole coupled pairs in all the salts possess similar intermolecular distances.
BMSA and IMSA have similar proton conductivity at room temperature and their DQC buildup
curves are also similar. For IFMS the proton conductivity obtained from EIS is an order of
magnitude greater than that measured for BMSA and IMSA. The IFMS buildup curve is
shallower than IMSA and BMSA depicting the additional mobility that the salt possesses, which

allows for the higher proton conductivity at room temperature that can be obtained.
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Chapter 5
Proton Dynamics in Sulfonated Ionic Salt Composites: Alternative Membrane
Materials for Proton Exchange Membrane Fuel Cells

This chapter has been published in the Journal of Power Sources 268, 853-860,
(2014). The only other co-author is G.R. Goward. The manuscript was initially prepared
by me and revised with G.R. Goward and myself for submission. My contribution to this
paper includes: sample preparation of the salts and salt-composites, solid-state NMR
studies, EIS to determine dynamics in the salts themselves versus composites.

This chapter compares dynamics through solid-state NMR and EIS to demonstrate
how an inert polymer host impacts the salts performance. Here, several solid-acids are
characterized, both as pristine salts, and as polymer composites. Materials of interest
include benzimidazolium trimethanesulfonate (BMSA), imidazolium trimethanesulfonate
(IMSA), and imidazolium triflouromethanesulfate (IFMS). The proton dynamics of these
solid acids are characterized as pure salts, and as composites, embedded into porous
Teflon, by solid-state magic angle NMR. It was determined that spin lattice (T))
relaxation of the composites are systematically lower than that of the pure salt, indicating
that local dynamics are enhanced in the composites. Spin-spin relaxation (T,*) was
measured as a function of temperature to determine the activation energy for local
mobility for each salt and composite. Here again, the activation energy for local proton
mobility in each salt decreased after being inserted into porous Teflon. Finally, the long-
range ion transport of both the salts, and the composites, were characterized using
impedance spectroscopy. The IFMS-Teflon composite possessed the lowest activation
energy for local proton mobility, the highest thermal stability, and the most favourable

proton conductivity, among the investigated materials.

105



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

5.1 Introduction

Proton exchange membrane fuel cells (PEMFCs) are promising energy carriers for
portable and automotive applications. Several limitations prevent widespread use of
PEMFCs such as cost, lifetimes, and availability of infrastructure. PEMFCs which are
able to operate at higher temperatures would prevent carbon monoxide poisoning of the
platinum catalyst, and yield higher current densities."™ Perfluorosulfonic acid ionomers
such as Nafion are the most widely used PEMs due to their inherent durability, chemical
stability and high proton conductivity. However, in contrast to optimal conditions for the
platinum catalyst, Nafion operates optimally under humid, low temperature (<80°C)
conditions.*®

Nafion composites have been widely studied in literature.”® A common approach is to
add components to Nafion to enhance performance at higher temperatures by maintaining
water within the membrane. Therefore, hygroscopic additives are inserted to enhance
water retention properties under high temperature and low humidity conditions.
Examples of additives include SiO, and TiO, which have been shown to maintain water
content but do not contribute to proton conductivity.’

Alternatively, electrolyte materials that can operate under anhydrous conditions
would be ideal to mitigate water management issues. The mechanism of anhydrous
proton transport has been studied by molecular dynamics simulations, and occurs through
the Grotthuss mechanism.">'* A class of electrolytes that fits these criteria is solid acids,
which are chemically, thermally and electrochemically stable and transport protons under

anhydrous conditions.!>'® Research in this area first focused on CsHSO,4, however

drawbacks were identified, including narrow operational temperature ranges and
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significant hydration difficulties."”*® Previously studied organic solid acids utilized
phosphate functional groups, paired with large heterocyclic cations, where it was shown
that these systems have good conductivity in anhydrous conditions.?' Phosphates possess
substantial proton conductivity; however high temperatures can promote their
condensation into pyrophosphates. The resultant P-O-P linkages between neighboring
phosphate groups decreases proton conductivity irreversibly.”> In contrast, sulfonate
functional groups are chemically, stable and have been used within membranes under
harsh environments, such as fuel cells, with great success and do not condense at high
temperatures.

In this paper sulfonate-functionalized solid acids were investigated. Solid acids were
synthesized using organic heterocycles such as imidazole and benzimidazole, paired with
sulfonic acid derivatives to form acidic salts. However, the salts themselves do not
possess the mechanical properties necessary to be formed into thin films for fuel cell and
require a polymer support to be relevant for fuel cell applications.

It has been shown that ionic salts can be incorporated into polymers to provide the
necessary mechanical support.”> One example of a polymer support is
polyvinylidenefluoride (PVDF), however the salt does not insert homogenously into the
host polymer causing numerous non-conductive pathways. Porous Teflon is an alternative
host candidate, which behaves similarly to PVDF, and when the salt was inserted a
homogenous film was obtained.”* The properties of the sulfonic acid salts, and their
Teflon-composites are investigated here using a series of 'H solid-state nuclear magnetic
resonance (SSNMR) experiments, paired with impedance spectroscopy measurements of

the proton conductivity.
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5.2 Methodology

Solid state NMR 1is capable of probing dynamics on a localized scale. In the solid
state broad 'H line widths are expected due to the strong homonuclear dipole-dipole
interactions, arising from the lack of molecular rate in solid samples.” Dipole-dipole
interactions are based on the gyrometric constant (y; and y;) of the relevant nuclei (I; and
[;) and the distance ® and orientation (0) between them as seen in Equation 5.1, where
the Hamiltonian for the dipolar interaction, Hp, includes two spatially dependent terms,
and a third, spin-dependent term.”® The first two terms are based on constants, and
together form the dipolar coupling constant, D;;.

Ko (Yiv;h) 1 - A (5.1)
Hy = —Z (E)< J ) +5 (3 cos? 6 = D[L,S,]

L ro
i>j

ij

Dipole-dipole interactions can be averaged with the use of fast magic angle spinning
(MAS), which generates significant line narrowing. However by averaging these effects
valuable structural information is removed. In particular, the strength of the dipole-
dipole couplings can be used to determine the relative mobility of protons in a hydrogen-
bonded structure. Therefore, selectively retrieving these couplings can provide unique,
site-specific insight into the local dynamics. Pulse sequences such as Back-to-Back
(BaBa) are used to recouple homonuclear dipole-dipole coupling over the timescale of
the rotor period.””* Strong dipole-dipole couplings will be fully excited on timescale of
21, where 1 is equal to the rotor period (25 kHz = 40us), whereas the signals of mobile
protons will be attenuated or removed from the spectrum due to the inefficient excitation
of the double-quantum coherence. In this sense, only strongly dipolar coupled signals
pass through the double quantum filter (DQF). It is important to note that the lack of a

DQ signal can be attributed to either to fast molecular tumbling (averaging 0 or r) or long
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distance (1) between the protons. Therefore, the DQ data presented here are evaluated for
the relative mobility, keeping in mind the crystal lattice, and density of protons within
each structure.

Spin lattice relaxation (T;) has several different mechanisms such as dipolar, scalar,
quadrupolar and chemical shift anisotropy. In this case it is assumed that dipolar
relaxation is the dominate mechanism that contributes to spin lattice relaxation.”
Investigation of salts and salt-composites will be performed here, and a change in spin
lattice relaxation will be interpreted as indicative of dipole-dipole coupling changes. This
interpretation is valid for the protons in these materials, as there are negligible
quadrupolar or chemical shielding anisotropy interactions present.

Variable temperature (VT) MAS NMR is a routinely used technique to probe
dynamics at a molecular scale. To establish linewidth trends, the full width half max
(FWHM) of the individual peaks are determined. The T,* can be calculated, from
FWHM (Equation 5.2), and is indicative of T, relaxation coupled with the effect of field
inhomogeneity.’**' The behaviour of T,* as a function of temperature follows an
Arrhenius relationship, and can be used to estimate the activation of proton mobility on a

localized scale.

(5.2)

FWHM =
T,

Additionally, in fast exchange the chemical shift is observed trend to lower ppm
values with increasing temperature. In this case, the higher thermal energy in hydrogen
bonded network causes less electron shielding at the 'H nucleus, and thereby lowers

chemical shift.”%>?
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While "H NMR provides a local picture of the dynamics in the hydrogen bonding
motif, proton conductivity is more frequently obtained via electrochemical impedance
spectroscopy (EIS), which probes the bulk transport properties.”> Measurements are
conducted with an in-plane (composites) or through-plane (salts) conductivity cell to
determine the impedance of a sample and thus its conductivity.”>** This is a macroscale
measurement of the performance of a material as an electrolyte for fuel cell systems.
Conductivity measurements can be correlated with NMR data to describe the mechanism

of proton transport within the composites.”!

5.3 Experimental

Benzimidazolium methanesulfonate (BMSA) and imidazolium methanesulfonate
(IMSA) were synthesized by dissolving benzimidazole or imidazole in minimal amounts
of methanol and adding methanesulfonic acid to maintain a 1:1 molar ratio. The solution
was left to crystallize the product. Crystals were heated at 80°C oven for 24 hours to
remove any trapped solvent. Imidazolium trifluoromethanesulfonate (IFMS) was
purchased from Sigma Aldrich. Porous Teflon was purchased from Millipore with 0.45
um pores and 47 um in thickness. To produce composites porous Teflon was soaked in a
salt solution for 24 hours. IMSA and IFMS were made into 1 M salt solutions and the
BMSA was made into a 0.5 M salt solution due to solubility limitations. The composite
was placed into an 80 °C oven for 24 hours. The salts are referred to by their acronyms
and the corresponding composites as, for example, BMSA-Teflon, indicating the salt
embedded in the Teflon membrane.

Differential scanning calorimetry was performed on a Mettler Toledo FP90 TA

Cell heating 20°C/min from 30°C to 300°C under atmospheric conditions. Heat flow was
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calibrated using indium metal. All samples were packed into aluminum pans with
approximately 10 mg of material before placing into instrument. Thermogravimetric
analysis (TGA) was performed on a NETZSCH STA 409 PC/PG instrument referenced
with Al,O3 with a 5°C temperature ramp from 35°C to 700°C under air.

NMR experiments were performed on a Bruker Avance 500 spectrometer,
equipped with an 11.7 T magnet. All samples were referenced to adamantane (1.85 ppm
for 'H).* For salt samples NMR was conducted with a 2.5 mm diameter rotor spinning at
25 kHz. Solid state '"H NMR spectra were acquired with a 90° pulse length of 2.5 ps.
Delays set were chosen to be 5 times greater than the T, of the sample. T; measurements
were obtained using a saturated recovery method.*® Composite samples were measured
with a 4 mm diameter rotor spinning at 10 kHz. Solid state '"H NMR spectra were
acquired with a 90° pulse length of 5 ps. Fitting of the NMR peaks to determine their full
width half max (FWHM) was performed in Mathematica (Version 8).”’

Double quantum experiments were obtained with the back-to-back sequence
(BaBa). Experiments were performed on a 2.5 mm rotor spinning at 25 kHz that was
rotor synchronized for 2t (80 pus periods). Experiments were collected with 16 scans to
complete the full phase cycle.

Variable temperature bearing gas was heated for all variable temperature
experiments and conducted in the 300-350 K range. Temperatures were calibrated using
a SmSn,07 temperature calibration.*®

Single crystal X-ray experiments were obtained by first dissolving the salt in

saturation in methanol. All crystals obtained were clear and colourless. X-ray diffraction
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measurements were conducted with Bruker D8 diffractometer with a SMART6000 CCD
detector. The radiation source was a Cu K-a with a wavelength of 1.54178 A.

Electrochemical impedance spectroscopy was obtained on a Gamry Reference
600 potentiostat. Pure salts were pressed into pellets, sintered at 130°C overnight and
covered in a 30 nm of gold on both sides for through-plane conductivity measurements.
Composites samples were analyzed using an in-plane conductivity cell. The samples were
cut into 0.5x2 cm to be placed into the conductivity cell. The cell was placed in an oven
with anhydrous conditions to equilibrate for one hour before proton conductivity
measurements with a temperature range of 80°C to 120°C. Experiments were conducted
at a DC voltage of 0.5 V with amplitude of 50 mV with frequency sweep from 1.0x10° to
1.0 x10? for pure salts and 1.0 x10° to 1 Hz for composites.
5.4 Results and Discussion

Producing anhydrous salt-host composites for fuel cells would be beneficial to
increase the longevity of the catalyst layer, enhance proton conductivity and minimize
water issues within the cell. Sulfonated salts were investigated by themselves and within
a Teflon host for the applicability as an electrolyte for fuel cell applications. Here these
salts and composites were studied on a molecular scale by solid state NMR to observe
proton mobility. This information can be used to explain how the proton conductivity is
affected by the hydrogen-bonded network within the salts and composites.
5.4.1 Single Crystal X-Ray Diffraction

Single crystal x-ray diffraction was performed to identify the H' transport
pathways by fully describing the hydrogen bonding motifs, unit cell coordinates and

space group. The resulting structural data, including space group unit cell parameters are
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reported in Figure 5.1 and Table 5.1. As seen in Figure 5.1A the BMSA salt structure
has two hydrogen bonds of the same length and the same local environment. The cation
rotation may be inhibited, due the size of the heterocycle whereas the anion appears to
have the ability to freely rotate, due to the labile nature of the two attached hydrogen
bonds. Therefore, proton conduction is proposed to occur in this salt via the rotation of
the anion. In contrast, as shown in Figure 5.1B, the cation and the anion in the IMSA
salt have space to freely rotate. In Figure 5.1C the ions in the IFMS salt structure are
spaced comparatively further apart, creating ample space for rotation of the cation. The
anion experiences steric hindrance between the fluorinated methyl groups which may
inhibit its reorientation. Only the sulfonate group appears spatially able to exhibit free
rotation in IFMS; however it must break three hydrogen bonds in order to participate in
proton conductivity. These structural constraints will be further considered in the context

of the conductivity and local mobility, as assessed by solid state NMR.
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Figure 5.1: Single Crystal X-ray from saturated salt methanol solutions A) BMSA, B)
IMSA and C) IFMS
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Table 5.1: Lengths of bonds for BMSA (space group: P2; 2, 2;), IFMS (space group: P4;
2,2) and IMSA (space group: Pbca) Single Crystal X-ray.

Compound Name | Bond Number | Length (A) a(A) b (A) c(A)

BMSA (A) 2.710&4; 5.665(3) | 9.604(4) | 18.096(9)
2.701(4

IFMS (B) 2.841(3) 8.100(3) | 8.100(3) | 24.898(2)
2.965(3)

2.837(3)

IMSA (C) 2.802(2) 7.959(2) | 11.038(3) | 16.159(5)
2.831(2)
2.842(2)
3.045(2)

0 3.049(2)

— [ O |0 |Q|N || [WIN|—

5.4.2 Thermogravmetric Analysis

The structures of the three solid-acids of interest are shown in Figure 5.1, as
excerpts from the crystal structures. Initial analysis of the BMSA, IMSA and IFMS, salts
was performed with DSC. The melting points for BMSA, IMSA and IFMS were
determined to be 240°C, 191°C, and 189°C respectively. Based on the relative melting
points, IFMS was predicted to show an onset of proton dynamics at the lowest
temperature. For salt-polymer composite samples, salt loadings were determined by
TGA. It was found that the salt loadings for BMSA-Teflon, IMSA-Teflon and IFMS-
Teflon, and were 28%, 34% and 44% respectively as seen in Figure 5.2. The salt
loadings are not equivalent for the three composites due solubility limits of each salt in
methanol. Teflon swells in methanol allowing the pores to expand to host the salt in
solution and remain in the pores when Teflon was dried resulting in a composite. Salts in
the composites possessed a higher thermal stability than the salts themselves, as shown
by the relative inflection points of the TGA curves. The inflection points for BMSA-
Teflon, IMSA-Teflon and IFMS-Teflon, were 278°C, 301°C and 370°C respectively.

IFMS-Teflon possesses the highest salt loading and the highest thermal stability
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compared to the other salt-Teflon composites. Previous studies by Yan et al. investigated
organic solid acids in Teflon composites with scanning electron microscopy (SEM).** It
was shown that the salt formed as a phase-separated microstructure that incorporated

throughout the Teflon pores.
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Figure 5.2: TGA of BMSA-Teflon, IFMS-Teflon and IMSA-Teflon in air, 10°C/min
heating rate

5.4.3"H MAS NMR of Organic Solid Acids

The "H MAS NMR spectra (above) and 'H DQF NMR spectra (below) of the
three compounds are shown in Figure 5.3. Spectra were acquired at 25kHz MAS, and
exhibited no significant spinning sideband intensity. The spectra can be divided into
three regions of interest; hydrogen-bonded (16-9 ppm), aromatic (9-5 ppm) and the

aliphatic (5-0 ppm).
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15 10 5 0 [ppm]

Figure 5.3: '"H MAS NMR spectra @ 25kHz (4 scans) and '"H DQF NMR (16 scans) of
a) BMSA all peaks attenuate by the same degree b) IMSA hydroxyl peak has decreased
intensity suggesting dynamics c¢) IFMS hydroxyl peak attenuates slightly more than
remainder of peaks suggesting dynamics
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5.4.3.1 BMSA: In BMSA salt one hydrogen-bonded peak is observed at 13ppm
(A), three aromatic peaks at 8 ppm (B), 6 ppm (C) and 4 ppm (D) and one aliphatic
proton at 3 ppm (E). Variable temperature NMR indicates dynamics at hydrogen-bonded
peak, which narrows as a function of temperature (Figure 5.4). The 'H NMR spectra of
the BMSA salt exhibit line narrowing as a function of temperature, indicative of local
dynamics. The FWHM was correlated to T>* to determine the activation energy of proton
mobility, which was 9.7+0.1 kJ/mol as seen in Table 5.2.
Table 5.2: Activation Energies acquired from Arrhenius analysis of T, data for IMSA,

BMSA and IFMS Salts and Composites acquired under Variable Temperature 'H MAS
NMR.

Compound Activation Energy (kJ/mol)
NMR EIS
BMSA 9.7+0.1 29.5+1.5
IMSA 7.4+0.1 21.2+0.1
IFMS 5.5+0.6 29.6+0.8
BMSA-Teflon 5.6+0.2 N/A
IMSA-Teflon 4.0+0.1 29.8+0.9
[FMS-Teflon 3.6+0.2 21.4+0.6

Another approach to observe proton mobility was to perform a VT 'H DQF NMR
study. The 'H DQF NMR data shown in Figure 5.3 for BMSA none of the peaks are
completely removed by the double quantum filter (under recoupling = 21,) , however they
are attenuated significantly, relative to the direct-excitation spectrum, (over 90%) which
is attributed to local mobility. As the temperature increased from 300-350 K the intensity
from the hydrogen-bonded proton decreased substantially due to increasing mobility.
This qualitative method to determine how the hydrogen-bonded proton attenuates

compared with the attenuation of the aliphatic region. The relative degree of attenuation
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at the hydrogen-bonded proton, as compared to the other (covalently bound) protons was
30+2% and 15+2% respectively. Therefore, the hydrogen-bonded proton is inferred to
possess a higher degree of mobility on a timescale of 80 ps. This statement is based on
the assumption that the static (low temperature) homonuclear dipolar couplings for all
protons in the structure would be approximately equivalent when summed over the
proton-rich structure. Full simulation of the multi-spin-dynamics is beyond the scope of

this study.*

341K

Figure 5.4: VT 'H MAS NMR, 25 kHz, 500 MHz, 2.5 mm probe A) BMSA salt and B)
BMSA-Teflon composite
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5.4.3.2 IMSA: The 'H NMR spectrum of IMSA has four main proton resonances
including the hydrogen-bonded peak at 13.0 ppm (A), the aromatic peaks at 7.6 ppm (B)
and 9.1 ppm (C) and the aliphatic peak at 1.7 ppm (D) as seen in Figure 5.5.*° The
hydrogen-bonded peaks in IMSA and BMSA have equivalent chemical shifts, indicating
similar environments around the protons. IMSA hydrogen-bonded and aromatic protons
have attenuated the same degree and the aliphatic region attenuated by the greatest
amount. A similar result was also observed by Traer et al.** This is typical of the rapidly
rotating methyl groups, which are inherently decoupled through this mobility.*' With VT
'H MAS NMR the hydrogen-bonded proton shifts to lower frequency as expected, which
is consistent with a Grotthuss mechanism of proton transport.** Additionally, the FWHM
decreased as a function of temperature and the activation energy of proton mobility in
IMSA was 7.4+0.1 kJ/mol, which is lower than BMSA, consistent with the structural
interpretation above. Also, with the '"H DQF NMR VT the hydrogen-bonded proton
attenuated significantly, a total of 68+2%, whereas the aromatics were attenuated by only
10+1%. Since the hydrogen-bonded proton attenuated significantly compared to the
other protons in the system that it can be concluded it possesses higher degree of mobility.
However, this degree of mobility could be due to a rapid local dynamics or a long-range
transport contributing to proton conductivity. To confirm whether this local mobility of
the H-bonds leads to long-range ion transport, the bulk ion transport properties are

measured (below).
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Figure 5.5: VT 'H 25 kHz MAS NMR A) IMSA salt and B) IMSA-Teflon composite

5.4.3.3 IFMS: The third structure of interest, IFMS has three protons shifts 11.4
ppm for the hydrogen-bonded peak (A), 8.1 ppm for the first aromatic proton (C) and 7.1
ppm for the second type of aromatic proton (B). The peaks in this spectrum are
significantly narrower than BMSA and IMSA. This is attributed to the lower
homonuclear 'H-"H dipole-dipole coupling in this fluorinated structure, relative to the
others. Thus, IFMS has the most dilute homonuclear dipolar-coupling network of the

salts considered here. In the variable temperature 'H MAS NMR spectra, all the peaks
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narrow uniformly as a function of temperature as seen in Figure 5.6. A correlation was
determined for the T,* in an Arrhenius plot. The activation energy was the lowest of the
three salts being 5.5+0.6s kJ/mol as seen in Table 5.2. In the '"H DQF MAS NMR
spectrum the protons have greatly attenuated in all regions suggesting either high
mobility in all protons present or the absence of close neighbors (<3.5 A).* VT 'H MAS
NMR depicts the aromatic protons decreasing by 144+1% and the hydrogen-bonded region
by 19+1%. This was not as a dramatic difference as the other salts however, since the

dipole-dipole coupling with IFMS was small initially, large changes are not expected.
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Figure 5.6: VT 'H 25 kHz MAS NMR A) IFMS salt and B) IFMS-Teflon composite
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5.4.4 "H NMR of Salt-Teflon Composites

Further comparison was made in the 'H MAS NMR spectra of the salt-Teflon
composites, utilizing the relaxation properties of the salts, as compared to their
composites, as a measure of the tightness of the local hydrogen-bonding networks. Spin
lattice relaxation decreased from 5.5+0.1s, for the pure BMSA salt, to 4.5+0.3s for
BMSA-Teflon composite, indicating that dipole-dipole interactions have decreased
modestly from pure salt to composite (Table 5.3). This is supported with the change of
activation energy from 9.7+0.1 kJ/mol to 5.6+0.2 kJ/mol for the BMSA salt and BMSA-
Teflon respectively as seen in Table 5.2. Here, shortened T, relaxation times depicts
higher local mobility, which is expected from the interaction between salt and Teflon, due
to the lack of long-range crystallinity, imposed by the membrane pore structure. A
shorted T,* relaxation does not uniquely imply more rapid proton-transport processes.
Nevertheless, it was expected that additional dynamics would occur while inserted into
the polymer support, as defects in the packing-structure are thought to enable Grotthuss-
mechanism transport.**

Table 5.3: T; Relaxation Times for BMSA, IMSA and IFMS Salts and Composites.

BMSA IMSA IFMS
Salt 5.5s+0.1s 2.1s+0.1s 8.1s+0.1s
Composite 4.5s +0.3s 0.30s £ 0.02ms 5.1s£0.1s

The IMSA-Teflon composite exhibited a decrease in spin relaxation of 2.1+0.1s to
0.30+0.01s, where the difference between salt and membrane is larger than between
BMSA and BMSA-Teflon (Table 5.3). This larger difference is attributed to a more

substantial decrease in the strength of dipole-dipole coupling, due to proton dynamics.
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The activation energy lowered as well from 7.4+0.1 kJ/mol to 4.0+0.1 kJ/mol. The
activation energy of IMSA-Teflon is significantly lower than BMSA-Teflon composite.

As observed from previous composites, the IFMS-Teflon spin lattice relaxation
decreased significantly from pure IFMS salt from 8.140.1s to 5.1+0.1s as seen in Table
5.3. The activation energies behaved in with the same trend as previous salts and
composites of 5.5£0.6 kJ/mol and 3.6+0.2 kJ/mol for IFMS salt and IFMS-Teflon
respectively. This composite thus exhibits the lowest activation energy for proton motion,
of all of the composites studied here. Comparing this trend in local mobility, as assessed
by 'H NMR with bulk properties of charge transport will allow conclusions to be drawn,
regarding the proton transport mechanism.
5.5 Proton Conductivity

Bulk proton conductivity measurements were conducted between 80°C to 120°C
under anhydrous conditions. Trends are established between the salts and their
composites, and among the pristine salts. All of the pristine salts exhibited proton
transport throughout the temperature range of interest with similar conductivities as seen
in Figure 5.7. Activation energies were obtained for the salts through the Arrhenius plot
of proton conductivity were 29.5£1.5, 21.2+0.1 and 29.6+0.8 for BMSA, IMSA and
IFMS respectively. The activation energies are higher with bulk proton conductivity
measurements than '"H MAS NMR as is often observed.”**® This is the result of the
influence of grain boundaries on long-range conductivity, whereas 'H MAS NMR
measures localization motion. Nevertheless, the trends in local dynamics and
conductivity are reflected in the salt versus the corresponding composites, where both are

observed to increase upon incorporation into the polymer host.
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Figure 5.7: Proton conductivity data of BMSA, IMSA, IMSA-Teflon, IFMS and IFMS-
Teflon under anhydrous conditions, acquired by impedance spectroscopy.

The composites exhibited some variability in their conductivities. Surprisingly,
the BMSA-Teflon composite did not exhibit bulk ionic conductivity, although the parent
salt had modest H" transport. The non-conductive behaviour is attributed to the lower salt
loading, which was substantially lower than the other two composites. For IMSA-Teflon

the proton conductivity is lower than the pristine salt. This could be again due to the
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packing arrangement within Teflon inhibiting long-range transport due to a low salt
loading within the host. Having a low salt content within Teflon reduces the number of
charge carriers, and the connectivity within the hydrogen-bonded network, reducing the
overall conductivity. This is confirmed by the proton conductivity activation energy for
IMSA-Teflon of 29.8+0.9 kJ/mol the increase in activation energy is due to the spacing
of the salt in the Teflon host that reduced the proton conductivity. This is found for the
first two composites, despite indications of enhanced local mobility from the NMR
studies described above.

The best performance was measured for the [IFMS-Teflon composite. In this case,
the conductivity is higher than the pristine salt, which is attributed to the higher salt
loading facilitating long-range transport as well as the mechanical support of the host to
facilitate proton transport. Thus, for the third composite, the combination of enhanced
local dynamics, as revealed by NMR, and sufficient salt loading, resulted in a successful
synergy between the salt and the host, and an overall improvement of the long-range ion
transport in the resulting material. This is confirmed by the proton conductivity
activation energy of the IFMS-Teflon to 21.44+0.6 kJ/mol which was lower than the pure
salt of 29.6+0.8 kJ/mol. This material still does not compete with Nafion fully hydrated
with proton conductivity 0.1 S/cm however at high temperature in anhydrous conditions
IFMS-Teflon is competitive with Nafion, where its conductivity drastically decreases to
1.5x10°* S/em.’

5.6 Conclusion
Solid-state NMR showed that the T, relaxation is uniformly decreased when salts

are incorporated into a Teflon polymer host. Similarly, the activation energy for local
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proton mobility, derived from the 'H line-narrowing trends of the hydrogen-bonded
proton, decreased when the solid-acid salts were placed into the Teflon framework.
Variable temperature 'H DQF NMR depicted higher attenuation of the hydrogen bonded
proton in composite form than the salt itself showing that dynamics are increased in the
polymer framework. The three pristine solid-acids demonstrated similar bulk proton
conductivities, however different conductivities were achieved when inserted into the
Teflon membrane support. BMSA-Teflon did not conduct ions, due to the low salt
loading that it possessed. IMSA-Teflon conductivity was lower than the pristine salt,
again because of the salt loading and packing arrangement in the host. IFMS-Teflon
possessed higher conductivity than the salt itself by possessing the highest salt loading
and thermal stability and the polymer is facilitating proton transport. These competitive
conductivities were achieved in anhydrous conditions.
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Chapter 6
Homogeneous and Heterogeneous Sulfonated Functionalized Hosts for Organic
Solid Acids for Anhydrous High Temperature Proton Exchange Membrane Fuel
Cells

This chapter investigates the use of host materials that are functionalized with
sulfonate groups to incorporate organic solid acids. The two polymers used were
sulfonated polyetheretherketone (SPEEK) and sulfonated polysulfone (sPSU). These two
polymer hosts were chosen because SPEEK sulfonates heterogeneously and sPSU
sulfonates homogeneously from their sulfonation reactions. This chapter will investigate
whether the homogeneity of the sulfonation and/or sulfonation of the polymer host would
improve proton conduction in the subsequently formed anhydrous salt/polymer
composite. The organic solid acid of choice for this study was imidazole
trifluoromethanesulfonate (IFMS) due to its high proton conductivity with the Teflon
composites as shown in the previous chapter relative to the other salts studied in this
thesis.

Macroscale proton conductivity measurements are compared to local scale
characterization through solid-state NMR. Solid-state 'H NMR is used to contrast how
sulfonated-functionalized hosts aid in proton conductivity, depending on the choice of
polymer. Static “H NMR is also implemented to determine the hopping rates and the
mechanism of proton conduction of the hydrogen-bonded proton in the polymer, IFMS
and the [IFMS-polymer composite.

6.1 Introduction
Proton exchange membrane fuel cells (PEMFCs) have been extensively researched to

optimize their components for use in automobiles and portable applications.' Several

limitations prevent widespread use, such as cost and operation conditions.* Current
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operating conditions are 80°C with high humidity which leaves the platinum catalyst
highly susceptible to poisoning by an irreversible reaction with carbon monoxide.** The
proton exchange membrane (PEM) is the main reason for low temperature high humidity
operation. The most widely used PEM is Nafion® for its chemical resistance, durability
and high proton conductivity.’ Nafion utilizes a vehicular mechanism for proton
conduction, in this case water, which necessitates high humidity and low temperatures to
achieve its best possible fuel cell operation. The goal of this research is to increase the
operating temperature to preserve the Pt catalyst and also obtain higher energy densities
by synthesizing PEMs that can operate in high temperatures and low relative humidity.
Solid acids are a promising class of materials for use in fuel cells. These materials
utilize a Grotthuss mechanism for proton conduction that involves the breakage and
formation of hydrogen bonds as the proton is passed through the material.*’ Solid acids
have gained interest recently due to their high electrochemical stability, ideal melting
points and high proton conductivity under anhydrous conditions.*® Research in this area
first focused on CsHSO4; however drawbacks were identified, including narrow
operational temperature ranges and significant hydration difficulties.'™"" In this chapter
organic solid acids were investigated and were prepared by combining an organic
heterocycle, to act as base, with an acidic anion to produce an overall acidic salt. Organic
cations that have exhibited dynamics (imidazole) and that have participated in Grotthuss-
style proton transport are combined with sulfonic acids to form organic solid acid
salts.'*"* However, these organic solid acids do not possess the mechanical properties to
form thin films thus a polymer support is required for these materials to be suitable for

fuel cell operation.
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Several solid acid-polymer composites have been synthesized where proton
conductivity was increased after insertion into Teflon or PVDF.'*"*"'” However, such
inert polymer supports may allow the conducting salt to leach out of the polymer due to
the lack of covalent, or ionic interactions between host and salt. Therefore, combining
organic solid acids with a sulfonated-functionalized hydrocarbon host has the advantage
that the solid acid is coulombically interacting with the polymer through a hydrogen-
bonded network to prevent the salt from leaching out of the composite as well as assisting
in proton conductivity. Hydrocarbon polymers such as polybenzimidazole (PBI),
sulfonated polysiloxane (sPS) and sulfonated polyetheretherketone (SPEEK) have been
studied previously, to form composites and are excellent candidates for a host.'®!" The
challenge for sulfonate-functionalized hydrocarbon polymers is with higher
functionalization, that increases proton conductivity, increase swelling of the polymer.”’
Unfortunately, simply operating such polymers under anhydrous high temperature
conditions does not solve the problem; these polymers fail due to their dependence on
water for proton conduction. We proposed here to create a novel composite, able to
overcome the challenges of the pristine materials (organic solid acid, or SPEEK)
themselves, achieving a synergistic interaction between polymer and salt, able to operate
at ideal fuel cell conditions (120°C and no added humidity). Previously used salt
hydrocarbon polymer composites were CsHSO4-PVDF and Si0,-sPEEK, however these
composites were still studied in humidified conditions often with acid doping.?"** In the
literature, there are numerous articles that discuss the sulfonation of polymers in
homogeneous or heterogeneous media that affects the resultant polymer. However, there

are few direct comparisons in the literature that discuss which sulfonation method yields
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better performance. In this chapter, two polymer hosts will be investigated sPEEK, which
sulfonates in heterogeneous media and sPSU, which sulfonates in homogeneous media.
These polymer hosts will be combined with imidazolium trifluoromethanesulfonate to
observe their proton conduction properties, both macroscopically, and at the molecular
level, using 'H solid-state NMR.
6.2 Solid-State NMR Theory

In solid-state NMR broad linewidths are observed due to the lack of fast
molecular tumbling that occurs in solution-state NMR. This is due to strong dipole-
dipole couplings as seen in Equation 6.1 where, u, is the space permeability constant, y
is the gyromagnetic constant (fundamental to all nuclei), r is the distance between spins 1

and j, O the angle dependence, I is the observed spin and S is the non-observed spin.

Hp = —Z (£2) <Viy3jh> ; %(3 cos? 8 — D[1,3,] 6.1)

a1 o
i>j Y

To achieve narrow lineshapes magic angle spinning is employed by physically rotating
the sample at 57.74 to average the spatially dependent portion in Equation 6.1.

However, dipole-dipole coupling contains useful information to explain structure and
mobility within a sample. By reintroducing the dipole-dipole coupling in a controlled
manner these dipole-dipole couplings can be observed to infer structure and mobility on a
localized scale. These couplings were reintroduced using a double quantum filter (DQF)
experiment will be used called back-to-back (BaBA). This pulse sequence will filter
signals that do not participate in dipole-dipole coupling due to either the lack of close

neighbors or by possessing high mobility on the timescale of the experiment. In this
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instance, the "H DQF method provides only a qualitative measure of local mobility. For
this reason, we turned to “H static NMR to quantify the local motion.

To determine the hopping rate of the hydrogen-bonded proton, involved with
proton conduction, “H static NMR is utilized. Deuterium is a spin 1 nucleus that
possesses two spin state transitions from its quadrupolar nucleus. From these two spin
transitions two horns are observed in a *H static NMR lineshape, where the horn splitting
is on the order of 140-220 kHz, and is therefore sensitive to motion on this timescale,
which corresponds to the molecular motion of organic solids.”> > Therefore, the
lineshapes can change as a function of temperature if mobility on this timescale is
occurring. These lineshapes can be fitted with a program called EXPRESS to extract
hopping rates.”® Another advantage of using “H NMR is that the proton conducting sites
can be easily and selectively exchanged for deuterium, therefore only the site of interest
is observable when using this technique.

6.3 Experimental

Polyetheretherketone (obtained from Victrex®™) was sulfonated by dissolving 20 g of
PEEK into 300 mL of H,SO4at 60°C overnight to obtain a high degree of sulfonation
(>90%) as seen in Figure 6.1A. The polymer was precipitated in water and rinsed with
water until the pH was neutral. The polymer was dried in a vacuum oven at 60°C
overnight then 120°C for one day. Acid treatment was performed on the polymer by
soaking the polymer in a 1M H,SOy4 solution; the polymer was then rinsed to pH neutral,

and was dried at 80°C for one day.
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Figure 6.1: Sulfonation synthetic schemes of A) sSPEEK*’ B) sPSU*®
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Polysulfone was purchased from Sigma-Aldrich dissolved in purified dried
chloroform and then was sulfonated by adding trimethylsilylchlorosulfonate drop wise in
a 1:2 molar ratio under nitrogen (Figure 6.1B). The mixture was stirred at room
temperature for 24 hours. Then 2 mL of 30% sodium methoxide in methanol was added
to the mixture and stirred for 1 hour. After an hour 1 mL of ethanol was added to the
mixture to restabilize the chloroform. The mixture was exposed to air and the solvents
were removed by rotovap. The resultant polymer was then washed 3 times in minimal
amounts of ethanol and 3 times in minimal amounts of water. The polymer was dried for
24 hours at 110°C. After drying, the polymer was protonated via reflux in 1 M HCI and
was then rinsed to pH neutral with water. The polymer was casted by making a 10%
polymer solution in N, N dimethylacetamide and poured onto a Petri dish and dried under
vacuum for 24 hours at 60°C then at 110°C for another 24 hours.

Imidazolium trifluoromethanesulfonate (IFMS) was purchased from Sigma-Aldrich.
Composites of IFMS and sPEEK were prepared by first dissolving sSPEEK in a 10% by
weight with N, N dimethylacetamide. To obtain different loadings of IFMS in sPEEK,
IFMS was dissolved into the sSPEEK solution in varied weight ratios. IFMS-sPEEK
solutions were stirred overnight then casted and dried for 24 hours at 60°C under
vacuum. Composites of IFMS and sPSU were prepared by first dissolving sPSU in a
10% by weight into N, N dimethylacetamide. To obtain different loadings of IFMS in
sPSU, IFMS was dissolved into the sPSU solution in varied weight ratios. The solutions
were allowed to gel while being stirred at 60°C. Once the solution was viscous the gel
was casted and dried first at 60°C under vacuum for 24 hours, then at 80°C for another 24

hours then finally at 110°C overnight.

139



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

The degree of sulfonation of the sulfonated polymers was confirmed with solution
state NMR on a 200 MHz spectrometer for SPEEK and on a 600 MHz spectrometer for
sPSU. The polymers were dissolved into DMSO with TMS as the internal standard.
These measurements were conducted at room temperature using a 90° pulse. Here, the
degree of sulfonation for the polymers will be shown with brackets, for example
sPEEK(90) will depict a sSPEEK host possessing a degree of sulfonation of 90%.

Thermogravimetric analysis (TGA) was performed on a NETZSCH STA 409 PC/PG
instrument referenced with Al,O; using a 10°C/minute temperature ramp from 35 to
800°C under air. This technique was used to determine salt loadings within the polymer
matrix. The notation for the composites will be presented as IFMS(20)-sPEEK(90)
denoting that there is a 20% loading of IFMS in sPEEK that has been 90% sulfonated.

Electrochemical impedance spectroscopy was performed on a Gamry Reference
600 potentiostat. Composite samples were analyzed using an in-plane conductivity cell.
The samples were cut into 0.5x2 cm strips to be placed into the conductivity cell. The
cell was placed in an oven with anhydrous conditions to equilibrate for one hour before
proton conductivity measurements. Experiments were conducted at a DC voltage of 0.5
V with an amplitude of 50 mV and a frequency sweep from 1.0x10’ to 1 Hz.

'H MAS NMR experiments were performed on a Bruker Avance 500 MHz
spectrometer, equipped with an 11.7 T magnet. All samples were referenced to
adamantane (1.85 ppm for 'H).” Samples were packed into a 2.5 mm diameter rotor and
magic angle spinning was conducted at 25 kHz. Solid-state 'H NMR spectra were

acquired with a 90° pulse length at 100 kHz of power. Delays were chosen to be five
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times greater than the T; of the sample. T; measurements were obtained using a saturated
recovery method.*

Double quantum experiments were obtained with the back-to-back sequence
(BaBa).”'*? Experiments were performed on a 2.5 mm rotor spinning at 25 kHz on a
Bruker Avance 500 MHz spectrometer. BaBa experiments were rotor synchronized for
27 (80 ps periods) with two loops of recoupling and all 90° pulses were with 100 kHz of
power. Experiments were collected with 16 scans to complete the full phase cycle.

Deuteration of IFMS was performed by refluxing IFMS in CD;OD, under inert
atmosphere, the sample was stored in an argon glove box after being recrystallized three
times. Deuteration of IFMS was confirmed with '"H and *H 25 kHz MAS, where the
deuteration was determined to be ~60%. Deuteration of SPEEK was performed using
D,SOy instead of H,SO4as described above and was confirmed to be 100 % successful.
The CD;OD was purchased from Cambridge isotope laboratories and D,SOs was
purchased from Sigma Aldrich.

*H NMR was performed on a wide bore 300 MHz Bruker HD magnet using a 5
mm static probe, where the sample is positioned in the horizontal solenoid coil. To
measure “H lineshapes a solid echo pulse sequence is used to refocus the pulse to be
observed after the pulse itself has fully elapsed. A solid echo (90-t-90) since quadrupolar
lineshapes are broad and the 90° pulse has a larger excitation window. The pulses were
calibrated to achieve 22 kHz of power for the two 90° pulses in the sequence, where the
delay between the pulses was 50 us and after the last pulse before acquisition the delay

was 15 us. The free induction decay (FID) obtained was converted from digital to analog
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and left shifted by 256 points and 5000 Hz of line broadening was applied. All deuterium
NMR spectra were shift referenced to the methyl group in CD;OD at 3.35 ppm.

Simulations of “H lineshapes were performed by a program called EXPRESS written
by Vold et al.”® These simulations were conducted with 1024 points in the FID, 256
powder averaging with the “H quadrupolar echo lineshape experiment. The experiment
used only one frame since all the sites were fully occupied. All site angles for CSA were
set to zero since deuterium does not possess any significant CSA effects. The site angles
for EFG were calculated for IFMS from the crystallographic data by rotating each site
into the same frame of reference using Euler angles. For sPEEK simulations the EFG
angles used were from a stock experiment depicting a three-site rotation. The
quadrupolar constants for all samples were calculated from the lineshape after motion
was frozen (cold temperature NMR) and fitted using Wsolids to extract the constant
value.” For all samples the asymmetry parameter was zero as determined by the fitting
from Wsolids on the motional frozen samples. For sSPEEK the site connectivity used was
selected to be chain and for IFMS the connectivity matrix was determined based on the
crystallographic data, assuming H-bonding pathways were based on the two-fold ring flip
and three-site Cs, rotation for the imidazolium and sulfonate groups respectively.
6.4 Results and Discussion

The degree of sulfonation can be quantitatively determined by 'H solution-state

NMR for both polymer hosts. This is because the sulfonate functional group increases
the deshielding effect for proton Hu in both polymers (Figure 6.2) causing Ha to move to
a higher chemical shift than Hg and Hc for sSPEEK and H, and Hyfor sPSU.**3 Proton Ha

can be directly measured to determine the degree of sulfonation. The sulfonate group
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proton cannot be observed due to its fast exchange with deuterium in solution. However,
the measurement of proton Hy is a direct measure of how many repeat units are
sulfonated. To determine the degree of sulfonation for the polymer hosts the ratio of
sulfonated repeat units to the total number of units as seen in Equation 6.2 for sSPEEK
and Equation 6.3 for sPSU. Figure 6.2A depicts the solution-state NMR of sSPEEK

which was determined to be 90% DS with this technique and Figure 6.2B shows sPSU at

94%.
Area .
DS = - * 100 6.2)
[Areab,b’,c,c’,d,d’,e,el + (2 * Areaa)]
12
16R A .
DS R a (6.3)

80 78 76 74 72 7.0 [ppm] 5

Figure 6.2: 'H solution state NMR with assignments of A) sPEEK, 200 MHz B) sPSU,
600 MHz.
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The polymer solution and conditions of casting can impact the morphology of the
resultant polymer. For example, when Nafion is dissolved and recast the polymer can
exhibit a four-fold decrease in performance.*® Since PEEK cannot dissolve into solvents
it is sulfonated in heterogeneous media with concentrated acid to act as both the solvent
and the sulfonating agent.’” PSU can dissolve into solvents such as chloroform and
dichloromethane thus making a homogeneous solution and can be sulfonated with a
sulfonating agent.”® This chapter demonstrates how the sulfonating media affects the
resultant polymers and thus its composites with organic solid acids, more specifically
[FMS.

For IFMS-polymer composite samples, the loading of IFMS was determined by
TGA under air. The weight loss between 300 and 500°C is the region where the
sulfonate functional group is combusted. Both polymer hosts and IFMS have these
functional groups, which makes the differentiation between polymer and solid acid quite
challenging. Therefore, to determine the salt loading the fraction of sulfonate functional
groups that correspond to the polymer must be subtracted from the total weight-loss
occurring due to sulfonate oxidation to SO, that occurs between 300-500°C. This is
achieved by calculating the weight loss of polymer based on its degree of sulfonation
determined by NMR. The loadings of IFMS that were obtained in sSPEEK were 5045,
4045, 30+5 and 15+5% as seen in Figure 6.3A. The loadings of IFMS in sPSU were
30+1, 40%1 and 50+1% as seen in Figure 6.3B. It is important to note that there is a
systematically higher error with IFMS-sPEEK composites than IFMS-sPSU from

reproducibility of sample loadings. The salt loading will be indicated throughout this
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loading of IFMS in sPSU that possesses a degree of sulfonation of 90 %.
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Figure 6.3: TGA under air, 10°C/min A) sPEEK and IFMS-sPEEK composites B) sPSU
and sPSU composites.

EIS measurements were conducted to investigate how proton conductivity would
be affected by salt loading. Figure 6.4 depicts conductivity under anhydrous conditions
at temperatures between 80-120°C for the IFMS, sPEEK(90) and IFMS-sPEEK
composites. SPEEK itself exhibits a poor conductivity due to the lack of water present to
support its vehicle mechanism of proton transport.”® The IFMS(15)sPEEK90 had similar
proton conductivity to the pure IFMS salt within error. This is attributed to the low
loading level, which results in a non-uniform distribution of salt within the polymer,
resulting in a similar conductivity to that of IEMS alone.'® As more salt is loaded into the
polymer the proton conductivity is observed to plateau. IFMS(40)-sPEEK(90) was
compared to a IFMS-Teflon composite with similar loadings. All IFMS-sPSU
composites (Figure 6.5) possessed higher conductivity than the salt itself, however all the
composites possessed the same proton conductivity within error. Therefore, for

comparison purposes [IFMS(40)-sPSU(93) is chosen to match the loadings of the two

145



Ph.D. Thesis - N.E. De Almeida; McMaster University - Chemistry

other composites. From these comparisons it can be observed that the proton
conductivity is significantly improved when the polymer host possesses a sulfonate

functional group, however the conductivity is similar between the two polymer hosts.
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Figure 6.4: Proton conductivity of IFMS, IFMS-sPEEK composites, collected under
anhydrous conditions.
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Figure 6.5: Proton Conductivity of IFMS and IFMS-sPSU composites under anhydrous
conditions.

Figure 6.6 depicts EIS of various combinations of cation, anion and sPEEK
(protonated and non-protonated) at 120°C under dry conditions. The proton conductivity
for sSPEEK is poor due to the lack of water within the polymer to conduct protons. With
the non-protonated polymer, with 40% IFMS, the proton conductivity increases slightly.
The salt itself possesses higher proton conductivity than the IFMS(40)Na-sPEEK(90)
composite. Proton conductivity is dramatically increased when composites are formed
from protonated, sulfonated functionalized polymers. With just the heterocyclic (neutral
imidazole) loaded into the protonated polymer, the conductivity is significantly higher
than the salt itself (100 times). With the anion of the salt included, IFMS(40)-sPEEK(90),
the proton conductivity is slightly higher (the highest for this host), with a value of
5.3+3.6x10™ S/cm, where the high error takes into account reproducibility in sample

preparation. This implies that both the proton on the polymer and the salt (both cation
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and anion) assist in providing the high proton conductivity in anhydrous high temperature
conditions. The highest proton conductivity was by IFMS(40)-sPSU(93) which was
1.5+1.0x10™ S/cm, which is 10 times greater than IFMS(40)-sPEEK(90) showing that

homogeneous sulfonation increases proton conductivity.
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Figure 6.6: Logarithmic scale of proton conductivity at 120°C, anhydrously of sPEEK,
IFMS-Na-sPEEK, IFMS, Imidazole(40)-sPEEK(90), IFMS(40)-sPEEK(90) and
IFMS(40)-sPSU(93).
6.4.1'H Solid-State NMR

For '"H NMR there are three areas of interest: aliphatic (0-5 ppm), aromatic (5-9
ppm) and hydrogen bonded regions (9-16 ppm). All of the "H MAS spectra were

collected at 25 kHz and did not possess any significant spinning sideband intensities.

'H MAS NMR sPEEK: The "H NMR spectrum for SPEEK has two resonances including

the hydrogen-bonded peak at 8.7 ppm (A) and the aromatic peak, representing the
backbone of the polymer at 6.7 ppm (B) as seen in Figure 6.7A. The resonances

observed are broad, indicating strong dipole-dipole coupling that arises from the H-
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bonded network. The "H DQF NMR spectrum shows that the hydrogen-bonded site (A)
was completely removed from the spectrum which signifies that the proton is either
highly mobile or does not possess any near neighbors (>3.5 A apart). Ye et al. obtained
a similar result where they determined that the hydrogen-bonded peak was removed from
the spectrum of dehydrated sPEEK due to the large distance between the sulfonic acid
sites.”” This occurs when the polymer is dried and results in the backbone becoming

further apart with the sulfonate groups being highly spaced.
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Figure 6.7: 'H 25 kHz MAS NMR and DQF on 2.5 probe, 500 MHz spectrometer of A)
sPEEK B) sPSU, where A is the hydrogen-bonded site, B are aromatic sites and E is the
methyl group.

'H MAS NMR sPSU: For this polymer host there are two main resonances including the

aromatic region at 7.0 ppm and aliphatic region at 2.0 ppm as seen in Figure 6.7B. The

hydrogen-bonded peak is predicted to be under the broad resonance of the aromatic sites
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since the chemical shift environment is similar to SPEEK. The broad resonances indicate
strong dipole-dipole coupling within the structure. The DQF spectrum shows high
attenuation in the aromatic region (possible removal of the hydrogen-bonded site). As
well, the aliphatic site is highly attenuated, which arises from the methyl group being able
to rotate freely in the solid, and thereby averaging its homonuclear dipolar coupling.

'H MAS NMR IFMS: The solid acid of interest, IFMS, has three resonances the

hydrogen-bonded region at 11.4 ppm and the two aromatic resonances at 8.1 (B) and 7.1
ppm (B’) (Figure 6.8). The sites are significantly narrower than sSPEEK due to the lack
of extensive homonuclear 'H-"H dipole-dipole coupling in this fluorinated structure. The
'"H DQF NMR depicts all the resonances attenuating by similar degrees suggesting high
mobility in all proton sites. This was observed in a previous study performed by De

Almeida et al."”

BI

« UL

15 0 5 0 [ppm]

Figure 6.8: 'H 25 kHz MAS NMR and DQF on 2.5 probe, 500 MHz spectrometer of
IFMS, where A’ is the hydrogen bonded site and B and B’ are aromatic sites.

'H MAS NMR of IFMS-sPEEK: After synthesizing the IFMS(40+5%)-sPEEK(90)

composite the "H NMR includes seven resonances, as shown in Figure 6.9A. The
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hydrogen-bonded sites from sPEEK (A) and IFMS (A’) sites are overlapped at 12.2 and
12.0 ppm respectively. The aromatic sites of the composite are at 8.6 ppm (B), 7.5 ppm
(C) and 6.7 ppm (D). The site at 4.6 ppm (W) is believed to be residual water and a small
aliphatic site at 2.4 ppm (S), corresponding to a small amount of residual solvent that
could not be removed. In the '"H NMR of the composite it can be observed that the
addition of IFMS has significantly narrowed the polymer peaks. This is due to the to
enhanced local dynamics, consistent with a less rigid structure within the polymer. In the
"H DQF spectrum sites, W and S are removed due to their high mobility as seen in
previous literature. Aromatic sites B, C and D have attenuated slightly most likely due to
mobility because each of the sites has close covalently bound neighbors. Hydrogen-
bonded sites A and A’ have attenuated more than the aromatic sites, which indicates a

high degree of local proton mobility, as measured by the EIS data shown above.
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Figure 6.9: 'H 25 kHz MAS NMR and DQF on 2.5 probe, 500 MHz spectrometer of A)
IFMS(40)-sPEEK(90) B) IFMS(40)-sPSU(93), where A is the hydrogen-bonded site
from the polymer, A’ is the hydrogen-bonded site from IFMS, B-D are aromatic sites, E
is the aliphatic site (sPSU backbone), W is trace amounts of water and S is the solvent.

'H MAS NMR IFMS-sPSU: With the insertion of IFMS into sPSU there are eight

resonances observed in the "H MAS NMR as seen in Figure 6.9B. In the hydrogen-

bonded region there are two sites A being from sPSU, which can now be observed, and A’

from IFMS. The aromatic region (2.3 to 9.4 ppm) possesses three distant sites (B, C and
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D) which are from both the polymer host and the salt. As seen with IFMS(40)-
sPEEK(90) this region narrows significantly with the addition of the salt. The aliphatic
region shows three sites, where the narrow resonances are due to trapped water (W) and
solvent (S) (as seen via TGA to be ~5%) and the broad resonance (E) is due to the methyl
functional groups in the backbone of the polymer. In the '"H DQF NMR the hydrogen-
bonded region, site A, is almost completely removed from the spectrum and A’ is
significantly attenuated showing that there are higher dynamics in the composite than
sPSU and IFMS by themselves as observed previously with sSPEEK composites.
6.4.2 ’H Static NMR

The hydrogen-bonded sites were exchanged for deuterium to study their dynamics
with ?H static NMR. Only sPEEK and IFMS-sPEEK were used for this study because
'H MAS spectra have shown that both polymers and salt-polymer composites behave
similarly and would produce very similar spectra. Before studying the deuterated
composite, SPEEK and IFMS were investigated separately. The “H static NMR variable
temperature (VT) of dried sSPEEK is shown in Figure 6.10A, where it can be seen that the
lineshape does not change as a function of temperature. This lineshape was fitted by
EXPRESS (based on a three site rotation) to be in the range of 0 to 1x10* Hz (Figure
6.10B), this is reported as a range since the features that would indicate a change of
hopping rate occur in the center with the horns. However, due to the isotropic site present
in the sample, these features cannot be observed and only the horns can be fit and thus the
hopping rate must be shown as a range. The features that would be observed are shown

in chapter 2.
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Figure 6.10: “H Static NMR of sPEEK, 300 MHz, 5mm probe A) Variable temperature
stack plot, where the lineshape did not change B) Fit of sPEEK to 0-1x10*Hz. The
distance of the horns maintain a constant splitting of 126 kHz.

The *H static VT NMR for IFMS is shown in Figure 6.11 (black lines), where the
lineshapes have changed drastically as a function of temperature. For the simulations of
IFMS the Euler angles must be known for all 16 sites to be in the same frame of reference
for the calculations. The Euler angles were calculated for each of the 16 sites where the
proton could be present in the structure and is tabulated in Table 6.1. It was assumed that
the quadrupolar constant (Cy) and the asymmetry parameter did not change as a function
of temperature and were kept constant with all the calculations. The quadrupolar constant
was determined to be 160 kHz from the 250 K spectrum fitted with Wsolids.” The
connectivity matrix was performed by measuring distances between cations and anions in
the unit cell to propose a path, where proton hopping could be conducted. From the

distances measured it is proposed that the proton is passed by an imidazole ring, through

a ring flip, to the anion (trifluoromethanesulfonate), undergoing a three-site rotation, to
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another imidazole ring in an up and down motion throughout the unit cell. Figure 6.12
shows a connectivity matrix of how the hydrogen-bonded sites will exchange throughout
the structure, where blue indicates exchange due to a ring flip from the cation and red
indicates exchange via a three-site rotation from the anion. The fits are shown in Figure
6.11 (red lines), where, with this model, the rates for cation and anion motion had to be
set equal to each other in order for the simulated spectrum to match the experimental.
This provided significant new insight into both the rate and the cooperative mechanism of
ion transport, which could indeed lead to long-range conductivity. The hopping rates
determined for IFMS can be found in Table 6.2, which is comparable to motion that has

been observed with other polymers such as a polystyrene backbone.”
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Figure 6.11: “H static NMR of IFMS collected on 300 MHz, 5 mm probe. Black is
experimental and red is the simulated spectrum from EXPRESS A) 300 K fitted to 4x10*
Hz B) 310 K fitted to 5x10° Hz C) 330 K fitted to 8x10°> Hz D) 340 K fitted to 8.2x10°

Hz E) 350 K fitted to 9.5x10° Hz F) 360 K fitted to 1.0x10° Hz.
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Table 6.1: Euler Angles of the 16 sites in [FMS.

Site Beta Gamma
1 -38.224 123.527
2 -38.2884 -56.4734
3 -38.2884 33.5266
4 -38.2884 -146.473
5 -141.712 56.4733
6 -141.712 -123.527
7 -141.711 146.473
8 -141.712 -33.5266
9 -112.155 -82.7525
10 -122.155 97.2475
11 -112.155 -172.752
12 -112.155 7.24755
13 -67.8451 -97.2475
14 -67.8452 82.7524
15 -67.8451 -7.24747
16 -67.8452 172.752
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Figure 6.12: Connectivity Matrix of IFMS. Blue is a connection with a ring flip
(Imidazolium) and red is a connection with a three-site rotation

(trifluoromethanesulfonate).
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Table 6.2: Hopping rates determined by EXPRESS to fit *H static lineshapes collected at
various temperatures on a 300 MHz spectrometer with a solid echo.

Temperature (K) Hopping Rate (Hz)
300 4.0+0.1x10*
310 5.0+0.1x10°
330 8.0+0.1x10°
340 8.2+0.1x10°
350 9.5+0.1x10°
360 1.0£0.1x10°

A deuterated IFMS(40)-sPEEK(90) was synthesized and its “H static NMR is
presented in Figure 6.13. At cold temperatures (250 K) a similar powder pattern similar
to that of sSPEEK and IFMS when no effects of motion were observed in the “H lineshape,
indicating that motion is slower than 1x10* Hz was observed. As the temperature was
increased an isotropic peak gains intensity as the horns powder pattern decrease in
intensity. The splitting of the horns is the same as sSPEEK (splitting is 126 kHz), where
they are significantly further apart than in IFMS itself (splitting is 117 kHz). This
indicates that what we are observing is the polymer host possessing motion between 0-
1x10* Hz, as described above, and an inserted salt that is in the fast motion regime (>160
kHz, hopping rate). However, as the temperature increases the polymer is also averaging
into the isotropic site, indicating that the polymer assists in the proton hopping

mechanism at higher temperatures as seen with EIS measurements in Figure 6.4.
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Figure 6.13: “H static 300 MHz NMR of IFMS(40+5%)-sPEEK(90) collected on 300
MHz, 5 mm probe, 1024 scans.

6.5 Conclusion

'H MAS NMR revealed that additional local mobility was obtained after the addition
of IFMS into either sSPEEK or sPSU. This is consistent with EIS measurements collected
at 120°C in anhydrous conditions that show high proton conductivity of 1.5+1.0x107
S/cm with 40+1% IFMS compared to just the polymer hosts, where the proton
conductivity was 5.040.1x10™® S/cm. EIS demonstrates that both the anion and the cation
of the salt are involved in proton conduction within the composite as well as the sulfonate
group on the backbone of the polymer. This was confirmed with *H static NMR, where
IFMS was fitted well to a model that consisted of motion from the cation to the anion at

the same rate. “H NMR also showed that the polymer assists with proton conductivity
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from all deuterium sites being averaged into a single isotropic site achieving local

hopping rates of greater than 160 kHz.
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Chapter 7: Summary and Outlook
7.1 Summary

Current operating temperatures and high humidity result in poisoning of the
catalyst and significant water management issues within the fuel cell. This thesis has
investigated several novel materials to target improved properties for PEM materials. To
characterize these materials solid-state NMR was employed to understand mobility on a
localized scale to explain macroscale performance as assessed through electrochemical
impedance spectroscopy.

In chapter 3 Nafion nanothin films were considered since thinner films could
uptake additional water to improve water management and increase fuel cell
temperatures. Although the polymer was able to take up additional water the conductivity
decreased. Signal was obtained using solid-state NMR on Nafion thin and nanothin
films, where this technique was never used before on such minute quantities. It was
revealed that the protons within both the thin and nanothin films were in fast exchange
regime with water at all humidities studied. However, it was the thin film that exhibited
thermally activated dynamics as observed through the chemical shift trend to lower
frequency at all humidities, where the nanothin polymer only exhibited this behaviour at
high humidity. Therefore, it was concluded that the pores of the nanothin film contained
the sulfonate group and water in fast exchange but due to long-range transport the protons
across the film had a high activation energy barrier.

In chapter 4 solid-state NMR was used to investigate organic solid-acids to
characterize their hydrogen-bonded network through double quantum filter experiments.

This was performed on samples, where their proton conductivity was performed with
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pellets. This type of EIS can possess higher resistances due to the formation of pellet and
grain boundaries issues. This has lead to numerous disputes in the literature about how
well a certain material can perform. In this chapter there were three solid-acids that
showed that they possessed similar proton conductivities and solid-state NMR was
conducted to observe if there was mobility differences with these materials that could be
hidden with a proton conductivity macroscale technique. 2D 'H DQF NMR using POST
C7-DUMBO pulse sequence DQC buildup curves were obtained for each spin pair that
exhibited a dipole-dipole coupling. IMSA and BMSA showed similar hydrogen-bonded
environments, however with IFMS the DQC buildup curve was significantly shallower
than IMSA and BMSA. Also, with the simulations IFMS was predicted to possess
stronger dipole-dipole couplings than what was observed with the experiment DQC
buildup curves. This indicates that there is additional mobility that can be utilized if the
salt can be prepared in way to access its potential. This information otherwise would not
be known if we could not probe these organic solid-acids on a localized scale.

For the solid-acids to be suitable for fuel cell application the solid-acids must be
inserted into a host. In chapter 5 BMSA, IMSA and IFMS were inserted into a Teflon
host. It was shown with T relaxation studies, variable temperature '"H MAS and 'H DQF
NMR that the dynamics were increased when the salt was inserted into the host as
compared to the salts themselves. However, the overall proton conductivity only
increased with IFMS-Teflon due to the limited solubility of the other salts, which
prevented effective insertion into Teflon. The promising feature of study was that a
polymer host does increase the mobility of the salts even if not enough salt could be

inserted into the host, which could only be understood from solid-state measurements.
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In chapter 6 IFMS was inserted into sulfonated functionalized hydrocarbon hosts
to observe if the ionically conductive polymer could assist in proton conductivity. Two
polymers were chosen to study heterogeneously- and homogeneously-sulfonated
polymers. The preparation was optimized for the amount of IFMS that would provide the
best proton conductivity. The two optimized polymer composites were IFMS(40)-
sPEEK(90) and IFMS(40)-sPSU(93), where the proton conductivity was 5.3+3.6x10™
and 1.5+1.0x10~ S/cm respectively. This is significantly higher than IFMS itself and
IFMS-Teflon. The highest proton conductivity obtained was using a homogeneous
sulfonated functionalized host. Solid-state NMR was used to observe how IFMS and the
sulfonated functionalized host are interacting to achieve this high proton conductivity.
This was conducted with '"H MAS, '"H DQF and *H static NMR. It was shown that
dynamics was increased after the salt was inserted into the polymer host from the
linewidths decreasing in the '"H MAS NMR and with the "H DQF showing less dipole-
dipole coupling by exhibiting a lower intensity. “H static NMR was used to determine
hopping rates from fitting lineshape changes to determine IFMS and the polymer
interacted with each other. *H lineshape of dried sSPEEK did not change as a function of
temperature indicating limited dynamics. The hopping rate was determined, which
increased with temperatures for IFMS. TFMS(40)-sPEEK(90) showed that the polymer
increased IFMS into the fast motion limit, where proton hopping is faster than 160 kHz.
The polymer host assists in proton conductivity as the proton as the horns decrease in
intensity as the temperature increases, eventually averaging into the fast motion limit

peak.
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7.2 Outlook

Recently, there has been research in synthesizing an amorphous version of PEEK
that would be able to dissolve into solvents like PSU. This would provide a direct
comparison between heterogeneous and homogeneous sulfonation with the same polymer
backbone. With this we could conclude whether controlling the sulfonation would be
required in creating an ideal composite to obtain higher proton conductivity. Another
polymer system worth investigating would be making composites with sulfonated
hexafluoropolysulfone, where the methyl groups have been replaced with a
trifluoromethyl groups. The C-F bond possesses higher stability than the C-H bond and
would allow the polymer and resultant composites to be stable for longer at higher
temperatures.

Numerous proton exchange membranes utilize acid doping to increase proton
conductivity. However, how acid doping assists in proton conductivity mechanistically
relatively unknown. Probing this relationship with solid-state NMR could reveal the
mechanism of how acid doping aids in proton conduction. “H static NMR could initially
be used to observe how the acid is contributing to the polymer, where this technique
would portray if the acid were in a fast motion regime or a slower motion regime and
how the polymer is being influenced by the presence of the acid.

Another approach to synthesizing better composites would be to monitor their
solutions prior to casting since the casting solution has a great impact on the resulting
polymer. Using pulse field gradient NMR the diffusion of the acidic protons can be

monitored in different prepared polymer casting solutions (degrees of sulfonation,
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solvent, salt loadings, etc) to observe how diffusion in the solution would dictate the
resultant composite.
7.3 Conclusion

From the high proton conductivity determined from EIS and fast ion dynamics
observed from solid-state NMR a homogeneous sulfonated functionalized host with a
fluorinated salt was the best composite material suitable for fuel cells at high anhydrous
temperatures. Materials synthesized in this thesis are highly competitive with the
properties of other anhydrous electrolytes being considered for fuel cell applications
anhydrous electrolytes for fuel cell applications. Solid-state NMR provided additional
insights into the proton conduction mechanisms and rates of ion dynamics within the

composites studied.
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