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Abstract

This research seeks to explore the relationship between polymer backbone composition,
water uptake, and conductivity to contribute to the development of high-performance, yet
inexpensive, ion exchange membranes. The goal of the projects described, including future work,
is to work towards a structure-property understanding that enables the design of ionomers which
self-assemble hydrated ion-conducting channels. Any such materials must also have good
mechanical integrity, as well as properties that prevent excessive swelling from water uptake,
which is known to lead to the failure of membrane materials. This will enable electrochemical
energy devices, such as fuel cells and electrolyzers, that utilize ion-transporting membranes to
become more economically viable routes for the production of cleaner and more sustainable

energy.

In this work, novel polymer backbones were designed, synthesized by anionic
polymerization, functionalized by the post-polymerization addition of alkyl side chains with
terminal ionic groups, and characterized as anion exchange membranes. Characterization

techniques included differential scanning calorimetry, ion conductivity, and water uptake.

In the first project, the backbone investigated was poly(1,1-diphenylethylene-alt-
butadiene) (DPE/B). The bulky DPE monomer cannot self-polymerize, which lends itself to the
precisely tailored synthesis of alternating copolymer backbones. The DPE/B alternating
copolymer was selectively hydrogenated to saturate the polymer backbone (DPE/E), then
functionalized via an acid-catalyzed Friedel-Crafts reaction to attach alkyl side chains containing
bromofunctional groups for subsequent quaternization. The anion exchange membrane properties,

including ion conductivity and water uptake, of the quaternized polymer was then compared to

Xiv



quaternized polystyrene controls of similar ion content for a baseline comparison to a well-known

and used polymer for anion exchange membranes.

Additionally, the DPE/B polymer was cyclized via an acid-catalyzed Friedel-Crafts
reaction to increase the glass transition of the precursor polymer backbone. The cyclized DPE/B
(DPE/B-C) had a glass transition temperature of 205°C, up from 103°C for DPE/E. Benefits of the

increased glass transition temperature of the polymer backbone are explored.
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1. Introduction

1.1 Polymers and Polymer Systems

Much in the same way that stone, iron, and bronze were defining materials of their
respective ages, polymers are a defining material of our current age. Polymers have a high strength
to weight ratio, are easy to process, are cost efficient, and are tunable, making them useful as either
stand-alone materials or as additives or composites with existing materials. Polymer applications
are ubiquitous: plastic packaging, synthetic clothing fabrics, coating for non-stick pans, adhesives,
rubber tires, medical devices, functional biomaterials, fuel cells, airplanes, and countless other
uses.}® Plastic production has seen an astronomical 20,000% increase globally since 1950,
increasing from 2 million metric tons to nearly 400 million tons in 2015.”% In this time, six
polymers have separated themselves from the pack, accounting for nearly 90% of all the plastics
synthesized: polyethylene (PE), polyethylene terephthalate (PET), polypropylene (PP),
polystyrene (PS), polyurethane (PUR), and polyvinylchloride (PVC).8 Polymers, with their myriad
of unique characteristics, are easily utilized as advanced materials, as they can be functionalized

and tailored for specific applications.

1.1.1 Introduction to Polymers

Polymers are large molecules comprised over 1,000 repeat units (monomers) covalently
bonded together. Like proteins, polymers are categorized as macromolecules and have lengths on
the order of micrometers.! The degree of polymerization (N) is the number of repeat units within
a polymer and is defined as the ratio of the polymer’s molecular weight (M) to the individual

monomer’s molecular weight (Mo):

N=2 (1.1)



Two attributes of polymers are used to characterize them, the average molecular weight
(M) and dispersity (D). The average molecular weight can be found a number of ways; two
common ways are number-averaged molecular weight (M,) and weight-averaged molecular
weight (Mw), and the dispersity is the distribution of molecular weights and is defined as D =
Muw/Mn. The polymerization reaction dictates the dispersity; lower dispersities, ® < 1.1, are possible
with living anionic polymerization, whereas other polymerization reactions like condensation and

free-radical polymerizations (statistical polymerizations), lead to higher dispersities, b > 2.2°

A material’s phase behavior, the temperatures at which it is a solid and temperatures at
which it is a fluid (liquid or gas), dictates its use cases. Due to their large size, polymers do not
have a gas phase. The temperature at which a polymer undergoes solid to liquid phase transition
is called the glass transition temperature (Tg) and dictates how polymers are used and processed.
Above its Ty, the polymer is rubbery; the polymer has the kinetic energy needed for the chains to
flow, a liquid state. Below its Tg, the polymer is glassy; chains are kinetically trapped and the
polymer does not flow over observable time scales, a solid state. In this glassy solid state, the
polymer is an amorphous solid that looks like a liquid in terms of molecular organization due to
its lack of long-range order. For use as a solid, a polymer should be below its Tgy; above its Tg, a
polymer can be processed as a liquid.! Many factors affect a polymer’s Tg, but the monomers in a
given polymer have the most direct impact. Linear 1,4-polybutadiene is a rubber at room
temperature with a Tg of -107°C, but polystyrene, with its pendant phenyl groups, is a glass at

room temperature with a Ty of 100°C.1°

1.1.2 Homopolymer Blends
Tough materials, materials that hold their shape but are also elastic enough to resist brittle

fracture, are desired in many polymer applications.!* However, these properties often come at the



expense of the other; increasing a material’s strength at break often hurts its elasticity, leaving a
material that is stronger, yet more brittle.*? By blending homopolymers, polymer properties can be
modulated and tuned. Blending a soft and elastic polymer with a brittle but stiff polymer can yield

a final product that is tougher than the individual starting materials but less brittle.*

A balance between the enthalpic drive to phase separate and the entropic drive to mix drives
a blend of homopolymers to an equilibrium, whether the components be mixed (one phase) or
unmixed (phase separated). This balance is represented by the Gibbs free energy; for a binary

mixture of two polymers, the free energy of mixing can be written as:*
_ Pa ¢
DGy = KT [2210 ¢ + 2210 by + Xpachs | (1.2)
A B

Where y is the Flory-Huggins interaction parameter, N is the degree of polymerization, and
¢ is the volume fraction for polymers A and B, respectively. The Flory-Huggins interaction
parameter is a temperature dependent empirical measure of the relative incompatibility of the

components:® 13
X= %+ B (1.3)

Where o and $ are constants and o > 0. The first two terms of the Gibbs free energy equation
are entropic while the third term is enthalpic. Phase separation is favored by lowering T, which
increases y, and by increasing N, which decreases the entropic contribution to the free energy.
Polymers generally have large N, as molecular weights are typically between 10% - 107 g/mol,
leading to very small entropy of mixing contribution due to the 1/N dependence.! This reveals a
fundamental problems when blending two homopolymers: there is a strong driving force for them

to macrophase separate, like oil and water.1**® This drive to macrophase separate is extremely



useful for some applications, including risers and down-hole plugs in the oil industry, but can be

detrimental for others, including ion exchange membranes.6-t/

1.1.3 Functional Polymers

To obtain unique properties, polymers can be synthesized with functional groups, either by
polymerizing monomers with functional groups to make a functionalized polymer backbone or
post polymerization functionalization to attach functional groups to a polymer.'®-2° Functionalized
monomer polymerization is frequently hampered by the functional groups: increased steric
hindrance from the functional group inhibiting polymerization, reduced activity of the
polymerization reaction due to electron withdrawing effect from functional groups, or the
functional groups participating in side reactions.? Post-polymerization functionalization adds a
synthetic step, but it avoids those pitfalls of functionalized monomers, expanding the types of
functionality possible.!® 20 Post-polymerization functionalization requires ready sites for
functionalizing; pendant aromatic rings provide ready sites. Polystyrene is an excellent polymer
for post-polymerization functionalization; it has a saturated hydrocarbon backbone that is resistant
to chemical scission during post-polymerization functionalization.?? Functionalized polymers have

a variety of uses, including ion exchange membranes.??

1.2 lonomers

1.2.1 lonomer Properties

Low dielectric constant polymers functionalized with a covalently bonded ionic group are
known as ionomers.?% Only a small quantity of ionic groups, approximately 10%, is needed to
greatly alter the physical properties of a polymer, as hydrogen bonding between acid groups or
dipole-dipole interactions between salt neutralized acid groups form physical crosslinks that

greatly improves the toughness of a polymer.2* lonic crosslinks are thermally reversible, unlike



chemical crosslinks; the thermal reversibility preserves the melt-processability of the polymer.2

The ionic crosslinking in ionomers is comparable to physical crosslinking of block copolymers.?’

The Eisenberg-Hird-Moore model describes ionomers: within ionomer materials, ions
aggregate, often forming “multiplets” of four or more ion groups within the bulk media of lower
dielectric constant.?® The strength of electrostatic interactions between ion pairs must be strong
enough to overcome elastic forces of the non-ionic polymer chains that they are tethered to in order
to form multiplets. With high enough ion content, ion rich clusters can form, resulting in
aggregated regions where the mobility of polymer chains is restricted, causing these regions to
have different phase behavior than the bulk material.?82° Clustering is contingent on reaching a
critical ion concentration, which depends on the molecular weights of the polymers and the
distribution, evenly spaced or concentrated near one another, of ions along the polymer backbone
chain. 222 If clustering behavior is not observed in an ionomer, either multiplets do not form, or
multiplets form but are too spaced out to form a cluster region (> 2 persistence lengths apart), or
the multiplets are unstable and dissociate at the matrix Tg, or the ion content is high enough for the

entire material to exhibit clustered behavior at the expense of the bulk.?> 2

Polymer electrolytes, or polyelectrolytes, are ionomers that are highly functionalized,
approaching one charged species per monomer repeat unit. Although the transition from an
ionomer to a polyelectrolyte is murky, but the properties on either side of the transition are vastly
different.® lons are dissociated in polymer electrolytes, forming a continuous medium where
electronic interactions span distances longer than the polymer chains.*® Dissociated counter ions
move, transporting charge, through the solid polyelectrolyte.?* 3! Higher ion conductivity is
attained by soft, rubbery polymers, since ion transport through polyelectrolytes is facilitated by

the segmental motion of polymer chains.®23* Unlike ionomers, polymer electrolytes are usually



unable to be melt processed due to the high ion content and ionic aggregation; instead

polyelectrolytes are processed in solution.*

Polymer electrolytes may contain a low-molecular weight solvent, like water, to solvate
ions; this boosts the conductivity of the mobile ions and allows ionic polymers with low ion content
to function as polyelectrolytes.?* An example of ionic polymers functioning as polyelectrolytes
with the help of a low-molecular weight solvent is ion exchange membranes, discussed in depth

in a following section.

1.2.2 Impact of Small Molecules on lon-Containing Polymers’ Phase Behavior

lon containing polymers used for ion exchange membrane applications contend with the
presence of small molecules. Fuel cells, a specific application of ion exchange membranes
discussed in detail later, have these small molecules in water and fuels. Water is an unavoidable

component of the fuel cell system, as it is a byproduct of the chemical reaction of fuel cells.®®

Water is required for effective ion transport in most ion exchange membranes, as ion
conductivity is facilitated by water adsorbed to acid or base functional groups that forms a
continuous network of hydrated channels through which ions can easily travel.*¢%” Due to this,
hydrated polymer electrolytes have much higher conductivity than dry polymer electrolytes.®
Increasing water uptake correlates to increasing conductivity, up to a point, after which increasing

water uptake does not further increase conductivity.38-3

lon exchange membranes can only contain continuous water channels, rather than mere ion
aggregates, if there are enough ion functional groups in said membrane and sufficient water to
hydrate channels; there is a critical transition point known as the percolation threshold.*° Nafion

and other proton exchange membranes exhibited a positive correlation between temperature and



conductivity, in addition to a positive correlation between the number of water molecules per ion
in the membrane, known as the hydration number, and the self-diffusion coefficient and, more
importantly, conductivity.**#? In Nafion’s case, low activation energy for ion movement by
diffusion and large self-diffusion coefficients for the ions are symptomatic of efficient ion
transport.*® This is attributable to the amount of water present in the channels. Water uptake into
Nafion is promoted by hydrophilic cations, like H, which further expands hydrated ion conducting

channels, which lessens the resistance to ion conductivity.*

Nafion’s well-defined phase separation is attributable to the large hydrophilic/hydrophobic
difference between its phases. Nafion’s backbone is perfluorinated and extremely hydrophobic; its
sulfonic acid functional groups are extremely hydrophilic. These differences lead to the self-
assembly of strongly segregated phases.>” When Nafion phase separates, a well-connected,
bicontinuous phase is formed from the hydrophilic domain and provides a continuous network of

water channels which allows protons facile movement with minimal resistance.®’

It is important to understand the mechanism driving water uptake, as well as water uptake’s
effect of conductivity and dimensional swelling. Membranes that swell excessively with water are
highly undesirable in fuel cells, because the shrink-swell dimensional changes can deplete the
membrane and cause failure.*® Furthermore, when a minimum level of humidification is necessary
to prevent membranes from drying out and losing conductivity, humidification is required in fuel

cell fuel streams, which add costs and complexity.*®

lon exchange membranes in fuel cells should allow low or preferably no fuel crossover,
fuel being the feeds for the electricity producing electrochemical reactions, as unreacted fuels that
crossover do not contribute to the production of useful electrical work.*”*® Furthermore, gas

crossover leads to the formation of hydrogen peroxide and oxygen radicals, contributing to



membrane deterioration.*® Methanol and other polar organics considered for fuels are hydrophilic
and are transported through hydrated channels by diffusion; thus high water uptake and wide
hydrated channels can lead to increased fuel crossover and be detrimental to membrane
performance.*” 5051 Fuel crossover can be reduced with narrower water channels, due to their

increased electroosmotic drag, that is, their reduced diffusion transport coefficients.®”

1.3 Swelling

A careful balance must be struck between enough water uptake to boost ion conductivity
and not too much water uptake to diminish the physical properties of an ion-exchange membrane.
Physical properties of ion-exchange membranes are diminished with too much water uptake, as
adsorbed water has a plasticizing effect, which softens the ionomer domain.>*>3 When a polymer
membrane becomes too soft, it can begin to creep. Severe dimensional swelling from excessive

water uptake compromises a membrane’s mechanical integrity.*> %+°7

Polymer gels, that is, crosslinked, rubbery polymer networks known for imbibing and
retaining significant amount of solvent, may hold the key to understanding the relationship
between water uptake, dimensional swelling, and mechanical properties of ion-exchange
membranes.! *-%9 Understanding the thermodynamics of gel swelling and the implications of the
reduced modulus of a plasticized, or solvent-swollen, gel gives a reference point for evaluating
these phenomena in ion-exchange membranes, despite the fact that the thermodynamics of gel
swelling by the Flory-Rehner theory is not directly applicable to polyelectrolyte gels; in the Flory-
Rehner theory, rubbery polymers form a covalent network with well-defined junction points from
chemical crosslinks, but in polyelectrolyte gels, glassy polymer backbones have physical

crosslinks from microscopic glassy domains.*: %



The balance of a polymer network’s elasticity and a chemical potential gradient that drives
solvent uptake governs the amount of solvent taken up by a polymer network and the equilibrium
volume of a gel. A polymer network’s elasticity limits the stretching of polymer chains. Solvent is
driven to enter the network, due to the favorable mixing entropy to dilute the polymer chains with
a compatible solvent, like water with a hydrophilic polymer, and the concentration gradient in

polyelectrolytes created by the fixed charges covalently boned to the polymer.® 596
The Gibbs free energy of a liquid is given by:
dG = —SdT + VdP + pdN (1.4)

Where G is the Gibbs free energy, S is the entropy, T is the temperature, V is the volume,

P is the pressure, u is the chemical potential and N is the number of particles in the fluid.*

The polymer network is semi-permeable in a polymer gel system, that is, solvent can enter
or egress the polymer network. With the assumption that the solvent-swollen polymer gel is in
temperature, pressure, and chemical equilibria in a bath of excess solvent, the chemical potential
of the solvent in the gel, «(T, P), equals the chemical potential of the bulk solvent, u(T, P), plus

the chemical potential contribution from interacting with the polymer network, A:%°
u(T,P) = uo(T,P) + Au (1.5)

Equilibrium occurs when the osmotic pressure (/7) within the swollen polymer, which
comes about from the uptake of solvent, balances the chemical potential imbalance resulting from

the concentration gradient:>°

u(T, P+ 1) = po(T,P) (1.6)



Polymer chains, when stretched, experience a reduction in conformational entropy, like
springs. The elasticity of a rubber results from the favorable restoring force experienced by chain
relaxation. In a polymer network, the restoring force is proportional to the elastic shear modulus

(G”), which is dependent on the crosslink density: >

G = (1.7)

Nv

Where kg is the Boltzmann constant, T is temperature, N is the number of monomers

between crosslinks, and v is the molecular volume of the solvent.t %3

The volume fraction, ¢, where ¢ = 1 for pure polymer network and ¢ = 0 for a pure solvent,
of the polymer decreases when a network is swollen by a solvent. This decreases the tensile stress
experienced by the network as well as the elastic shear modulus of a gel as, for an ‘ideal’ non-

deformed network case, such:® %3

Nv

Finding the equilibrium solvation state of a polyelectrolyte gel is complicated by the

covalently bonded charges and their counterions.

A one-dimensional bead-spring model is helpful to envision; a polyelectrolyte can be
visualized as a single chain where charged “beads” are connected by Hookian springs.®® The
elasticity of the polymer network act as the “springs” that resists stretching that counters the
Coulombic repulsion between the like-charged “beads”, which is mediated by the associated
counterions and the solvent.®® This model describes the free energy, g, per “bead”, in units of

thermal energy kgT:

g = ;ab? — Zin(1 - ™) (1.9)
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The first term is the mechanical spring energy, where a is the spring constant and b is the
spring length, or the distance between charges. The second term is the electrostatic free energy,
which includes how the repulsion between the “bead” ions can be altered by the solvating solvent,
the charge of the ion, and the temperature. The Bjerrum length, Ig, is the distance between two
charges at which the electrostatic interaction between the charges is equal to the thermal energy

kBT . 60

I, = —< (1.10)

47T€0€kBT

Where e is the charge of the “bead” ion, & is the permittivity of a vacuum, ¢ is the
temperature-dependent dielectric constant of the solvent, kg is the Boltzmann constant, and T is
the temperature. The inverse Debye screening length, x, describes the radius of influence of a

charge:%°
k2 = 4mly Y, c;zf (1.11)

Where ci is the bulk ion concentration, the number of ions per volume, and zj is the valence

of the ion, for ion species i.%°

The importance of the local chemical environment on the overall swelling of a polymer gel
is highlighted by the bead-spring model. The swelling of polyelectrolyte gels changes as a function
of salt concentration, polymer crosslink density, polymer backbone hydrophobicity () and the

ionizability of the charge pairs.>

Relative humidity and temperature are typically cited as the parameters that drive water

uptake and ion conductivity in ionomer membranes. This approach fails to recognize the role of
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the membrane itself in resisting swelling. Investigating the thermodynamic drivers behind water

uptake shows that the hydration of Nafion can be described by:%
A=A+ 29 (1.12)

Where ' is the hydration of an ionic group by the thermodynamically-favored, exothermic
solvation of an ionic species, and A° is the entropy driven hydration by osmosis. The heat of
hydration, temperature, relative humidity, and internal pressure all contribute to A-. The internal
pressure and relative humidity are the primary contributors to A°, with a small contribution from
temperature.%? At low relative humidities, the hydration of Nafion decreases with increasing
temperature, at 65% relative humidity, hydration is virtually independent of temperature, and at

high relative humidities, hydration increases with temperature due to osmosis.®?

Some gel systems, with changing temperature or solvent character, exhibit a phase
transition characterized by a discontinuous change in volume, known as gel collapse, where the
gel spontaneously phase separates to a two phase system, a polymer-rich and a solvent-rich phase,

from a homogeneous one phase system.®3-64

1.4 Polymer-Based lon Exchange Membranes in Fuel Cell Applications

lon transportation is the critical function of polymer-based ion exchange membranes for
electrochemical applications, which include batteries, electrolyzers, and fuel cells.®>®° This section
discusses fuel cells as an example of an energy system that utilizes ion-transporting membranes to
highlight the importance of this technology as well as point out important design criteria and

considerations for ion-transport membranes.

The overall fuel cell device is based on two half reactions separated by a membrane. The

two half reactions can only proceed simultaneously when counterions are exchanged through the
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ion exchange membrane and electrons flow through an external circuit, which are harnessed to
perform electrical work. The solid polymer membrane also acts as the electrolyte, eliminating the
need for corrosive working fluids. A perk of fuel cells is that their low operational temperatures

can enable quick startup. 3" &% 70

If there is mixing between the two sides of the membrane, or if the membrane is not an
electronic insulator and electrons can pass through the membrane, the system will short, wasting
the chemical potential as heat. To ensure the success of the system, the polymer ion exchange
membrane must reliably and selectively transport ions with minimal resistance for optimal
performance, meaning there is low over potential and low waste heat production. The cost of the
polymer ion exchange membrane must also be low enough to maintain economic viability; the

durability and integrity are vital to this.

There are various commercial uses for proton exchange membrane fuel cells, including
fuel cell electric vehicles, combined heat and power systems, and mobile power sources for both
computers and military equipment.®® -1 Fuel cells differ from traditional gasoline engines in that
they convert fuels to electric energy without moving mechanical parts using electrochemical
reactions. Since fuel cells operate at lower temperatures, they have much lower heat loss, making

them very efficient.”

When pure hydrogen and oxygen gases are used as the fuels in a fuel cell, the only
byproduct of the electricity generating electrochemical reactions is environmentally benign water;
this makes fuel cells a promising sustainable energy technology.* Ideally, hydrogen fuel will be
produced sustainably (possibly by electrolyzers, or fuel cells operated in reverse), enabling a
greener energy supply.”7® Fuel cells have high current densities to go along with low weight and

volume, and fuel cells are extremely reliable.””
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Figure 1. Schematics of PEM and AEM fuel cells.

When using pure hydrogen and oxygen as fuels, the overall chemical reaction in a fuel cell

2H, + 0, - 2H,0 (1.13)

The overall chemical reaction is separated into two half reactions, one at each electrode, in
order to induce the flow of electrons to do electrical work outside of the fuel cell. In a proton

exchange membrane (PEM) fuel cell, the two half reactions are:
Anode: 2 H, » 4 H* + 4e” (1.14)
Cathode: 0, + 4e~ +4 H* - 2 H,0 (1.15)
In an anion exchange membrane (AEM) fuel cell, the two half reactions are:

Anode: 2H, +40H™ - 4H,0+4e” (1.16)
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Cathode: 0, +4e~ +2H,0 - 40H™ (1.17)

In a proton exchange membrane, the proton must pass through the polymer membrane from
the anode to the cathode. In an anion exchange membrane, the hydroxide anion must pass through

the polymer membrane from the cathode to the anion.

To speed the reactions taking place on the electrodes to a useful pace, the electrodes are
coated with catalyst. Platinum is required as the electrocatalyst, along with corrosion resistant
bipolar plates or graphite-coated stainless steel that can withstand the acidic environment of PEM
fuel cells, due to the mobile ions being protons.”®"® This places inherent limitations on the ability

to lower the cost of PEM fuel cells.

In an alkaline electrolyte, the oxygen has a lower activation energy and faster
electrochemical kinetics, demonstrated by the lower reaction overvoltage and lower Tafel slopes,
that is, cell potential divided by current density; enabling AEM fuel cells to use non-precious metal
catalysts like nickel or silver, getting around the scarcity and subsequent high cost of platinum.&-
82 Further cost reduction is possible because nickel and stainless steel are candidates for bipolar
plates and housing in AEM fuel cells, due to their low corrosion in alkaline environments; therefore

there has been a recent uptick in interest in AEM fuel cells.> °6. 81, 83-87

Standard stable, high-performance, and economically viable AEMs are not established yet,
despite the community having explored diverse polymer classes for AEM materials; these polymer
classes include: poly(arylene ether),8% polyphenylene,®** poly(phenylene oxide),%%
polyvinyl, %1% and block copolymers.1%?1% Fyrthermore, fundamental design factors for stable,

both chemically and mechanically, and highly ion conductive AEMs are not yet well understood.>*

57
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The state-of-the-art PEM, Nafion, a perfluorinated PEM with randomly attached sulfonic
acid groups along its Teflon backbone, has demonstrated that water content management and the
formation of ion conducting channels are crucial for high ion conductivity.33" Microphase
separation is driven by strong ionic association and water adsorbed to the hydrophilic acid
functional groups separating from the hydrophobic, fluorinated backbone, forming a network of
continuous, hydrated channels on a length scale of a few nanometers for the transportation of
protons.®®37 Effective water channel network formation is contingent upon several factors,
including: polymer chain architectures,*?®1*> types of and density of ionic groups,*®® % and
operating conditions, like humidity.'"1*® The exact mechanism of ion transport is yet unknown;
however, it is proposed to be a combination of diffusion, convection, and the Grotthus mechanism,

where ions “hop” through a network of hydrogen bonds by breaking and re-forming new hydrogen

bonds 36, 83, 120-123

Not all water within hydrated, ion-conducting channels is equal; water molecules are either
tightly associated, or “bound”, with an ionic group, or they are in a bulk-like “free” state.!?* The
state of water within the hydrated, ion-conducting channels can be determined by DSC: free water
is freezable whereas bound water is not.'?51%6 Free water content has been found to drive ionic
conductivity, membrane swelling, and water mobility within the membrane.'?*148 Bound water
remains while free water evaporates at lower relative humidities; here, bound water remains
effective at conducting ions.*?*?> Confinement of the ion-conducting channels leads to the
increase in bound water, altering the balance between free and bound water, leaving another knob

to turn in membrane design.*?®

To design high-performance polyelectrolyte membranes, it is critical to understand the

impact that the polymer backbone architecture and the ionic groups, both in type and density, have
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on the thermodynamic states, kinetics, and microstructures of solvated ion-containing polymers.3®

127

1.5 lon Exchange Membrane Devices for Clean Energy

The earth is warming at an unprecedented clip. Record high temperatures are recorded with
alarming frequency.'?® These trends in temperature are caused in part by carbon dioxide in the
atmosphere at unprecedented levels, which is attributable to human behavior, specifically from the

extraction and burning of fossil fuels, such as coal, oil, and natural gas.?®

1.0 4

NASA Goddard Institute for Space Studies (v4)
Hadley Center/Climatic Research Unit (v5)

0.8 NOAA National Center for Environmental Information (v5)
Berkeley Earth
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Figure 2. Global temperature anomaly since 1880, higher positive anomaly means warmer
weather. The sharp increase is indicative of a rapidly warming earth. Adapted from 1%,
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PROXY (INDIRECT) MEASUREMENTS

Data source: Reconstruction from ice cores.
Credit: NOAA
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Figure 3. Measurement of historic carbon dioxide levels, showing the immense spike in CO2
from recent human activity. Adapted from 12°,

Lowering atmospheric carbon dioxide can slow the rate of warming worldwide, making
carbon emission free electricity generation highly desirable. Renewable energy sources like solar
and wind, while clean, suffer from intermittency; the resource availability is weather dependent.
The intermittent nature of these renewables makes them unreliable in some form. Energy storage,
either in batteries or in fuels, addresses the intermittency and allows for energy to be consumed on

demand.t3°
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Figure 4. Energy production from a solar cell in one day, showing intermittent energy
production depending on time of day and weather conditions. Adapted from %,

Hydrogen gas can be a fuel that allows for clean, carbon emission free energy to be
produced on demand. Fuel cells are electrochemical devices that utilize hydrogen gas to produce
electricity with only byproducts of environmentally benign water and heat.>* Electrolyzers are
essentially fuel cells in reverse, taking energy to split water into pure hydrogen and oxygen
gases.®! With a clean source of energy for electrolyzers, hydrogen can be produced without carbon
emissions, which can in turn be consumed in fuel cells without carbon emissions.>* Fuel cells and,
by proxy, electrolyzers are discussed in more depth in 1.4 lon Exchange Membranes in Fuel Cell

Applications.

1.6 Donnan Exclusion Effect

The Donnan membrane principle is essentially a specific domain of the second law of
thermodynamics dealing exclusively with electrolytes that are completely ionized.**? The inability
of certain ions to diffuse from one phase or region to the other in systems involving water or polar

solvents give rise to the Donnan membrane equilibrium. Fixed charges, which are nondiffusible,
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in contact with water, can be utilized to modulate the distribution of ions, creating ion rich and ion
poor phases, leading to efficient separation.'®? The Donnan exclusion effect inhibits the transfer of
electroactive species of the same charge (positive charge for AEMSs). This inhibits fuel crossover

in exchange membranes, boosting performance.!®

1.7 Outline of Thesis Research

This research seeks to explore the relationship between polymer backbone architecture and
ion transport to contribute to the development of inexpensive and high-performance anion
exchange membranes. The goal of the projects is to work towards a structure-property
understanding that will enable the design of ionomers that self-assemble efficient hydrated ion-
conducting channels. The materials must also prevent excessive swelling and water uptake that is
known to lead to the failure of membrane materials, contributing to good mechanical integrity.
This will enable electrochemical energy devices that utilize ion-transporting membranes, like fuel
cells and electrolyzers, to become more economically viable solutions for cleaner and more

sustainable energy production.

Chapter 2 provides an overview of the synthetic and characterization techniques used in

this research.

Chapter 3 describes the synthesis and characterization of anion exchange membranes based

on poly(1,1-diphenylethylene-alt-butadiene).

Chapter 4 describes the synthesis and characterization of anion exchange membranes based
on higher glass transition temperature polymer backbone, cyclized poly(1,1-diphenylethylene-alt-

butadiene), with a glass transition temperature over 200°C.
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2. Introduction of Experimental Techniques

2.1 Introduction

This chapter introduces key synthetic and characterization techniques utilized in this
research. Synthetic techniques include: anionic polymerization, hydrogenation of diene containing
polymers, and acid-catalyzed Friedel-Crafts bromoalkylation for post-polymerization
functionalization. Characterization techniques include: size-exclusion chromatography (SEC),
nuclear magnetic resonance (NMR), differential scanning calorimetry (DSC), ion conductivity,
and ion exchange capacity (IEC). This chapter focuses on providing a general background about

each technique as well as the relevance to the research.

2.2 Anionic Polymerization

Anionic polymerization is a living addition polymerization technique.*** The value of this
polymerization technique comes from the ability to synthesize polymers with highly uniform chain
length and molecular weights, as well a block copolymers by the sequential addition of unique
monomers.®1% The number of polymer chains is set by the amount of initiator, and, unlike typical
chain-growth polymerizations, living anionic polymerization does not contain chain transfer or
termination steps. This means that the degree of polymerization of the polymer can be controlled

by the molar ratio of initiator to monomer:

_ [monomer] (2 1)

[initiator]

The anionic polymerization process is displayed in Figure 5, showing the polymerization

of polystyrene initiated by sec-butyllithium.
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Figure 5. Anionic polymerization of polystyrene.

Upon initiation, anionic polymerization proceeds continuously by an active anion at the
end of a growing polymer chain that continuously adds monomer units to the end of the polymer
chain. This proceeds until thermodynamic equilibrium is achieved between the free monomer and
the polymer chains. Ideally, termination only occurs when a reagent is added to quench the chain-
end anions; impurities like oxygen gas, however, can prematurely terminate the living chain

ends.134

Polymerization is initiated by a carbanion initiator that attacks a more electropositive
double bond of a monomer unit, forming the beginning of a chain with a carbanion end, and
propagates through the successive attack of this carbanion on the double bond of additional
monomer units.™ ** To stabilize the resulting end carbanion and enable continued propagation,
monomers that have an electron withdrawing group adjacent to the attacked double bond are
needed. To avoid premature termination, the reaction environment must be free of protic impurities
and electrophilic functional groups (e.g. water, oxygen, and carbon dioxide) that will complex with
the carbanion.®* 3" To induce termination, acidic protons are introduced in excess of the living

carbanions (i.e. adding methanol) that complex with carbanions.!
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Statistical polymerization (i.e. condensation polymerization and free-radical
polymerizations) yield polydispersities that approach 2; however, the living nature of anionic
polymerization produces polymers with mono-modal and low dispersity (<1.1), due to the unique

aspect of well-controlled polymer chain growth.*

The initiator and solvent choices are critical for successful polymerization of the selected
monomer into the desired polymer. For example, the configuration of polymer chains in the
polymerization of butadiene to polybutadiene is significantly influenced by the counterion and the
solvent polarity; the solvent and initiator determines the microstructure of the resulting polymer
as shown in Figure 6: cyclohexane solvent with a lithium counterion promotes the polymerization
of 1,4-polybutadiene while tetrahydrofuran solvent and lithium counterion encourages the
polymerization of 1,2-polybutadiene.!3* 13 Electron transfer agents like potassium naphthalenide
have been shown to initiate polymerization of conjugated olefinic hydrocarbons; the electron
transfer agent allow for the formation of difunctional carbanion living chain that can propagate
from both ends**®. The difunctional carbanion living chain allows for the formation of multiple

blocks of copolymers of equal length with the sequential addition of monomers®,

Of equal importance for the successful polymerization of a designed polymer is the
temperature of the polymerization solution. Polymerizations in tetrahydrofuran with butyllithium
initiator must be done at reduced temperatures, shown in Figure 6, because butyllithium reagents
react with tetrahydrofuran and the reaction rate increases with temperature; for example, n-

butyllithium has a half-life of 1.8 hours and polystyryl anions are quenched within 4 hours.**" 140-

141
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Figure 6. Anionic polymerization of polybutadiene in different solvents.

In this thesis, anionic polymerization is used to synthesize poly(1,1-diphenylethylene-alt-

butadiene) (DPE/B) and polystyrene (PS).

Initiator: For polystyrene polymerization, commercially available sec-butyllithium in
cyclohexane (1.4 M) was used as the initiator. For poly(1,1-diphenylethylene-alt-butadiene),
potassium naphthalenide was synthesized. Potassium metal was collected in a Chemglass Airfree
flask and dried. Naphthalene was added under positive argon pressure. Tetrahydrofuran was
cannulated in, and the reaction mixture was stirred overnight. The potassium naphthalenide

solution was used within two weeks to preserve the integrity of the electron transfer agent.

Solvent and monomer purification: To mitigate premature termination of polymer
chains, special care in the reaction setup to exclude impurities (e.g. water, oxygen, and carbon

dioxide) that can react and quench the living anion at the polymer chain end must be taken, 142143

Cyclohexane (Sigma-Aldrich) was purified by passing through activated alumina (BASF
F-200) and activated copper catalyst (BASF Q-5). Tetrahydrofuran (Sigma-Aldrich) was purified

by passing through activated alumina (BASF F-200).

Different monomers, due to their respective boiling points and reactivity with purification

agents, require different purification procedures.
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Styrene monomer (Acros, bp = 145 °C) was collected in a round bottom flask with a
sidearm fitted with a CHEM-VAC™ high vacuum valve. The monomer was then degassed by
performing three freeze-pump-thaw cycles: freezing with liquid nitrogen, pulling vacuum
(gradually at first to reduce losses) while the monomer freezes until baseline is reached, then
thawing in a 40 °C water bath. The degassed styrene monomer was transferred via vacuum
distillation into a purification flask (a round bottom flask fitted with two side arms with CHEM-
VAC™ high vacuum valves) containing vacuum dried di-n-butylmagnesium (purification agent,
4 mL of di-n-butylmagnesium for the first 10 g of styrene and 2 mL for each additional 10 g) and
stirred at 40 °C for 1 hour. This purification was repeated a second time for further purification.
After the second purification, the styrene monomer was vacuum distilled into a flame-dried
monomer burette (a burette fitted with a CHEM-VAC™ high vacuum valve). The purified styrene
monomer was stored at room temperature covered with aluminum foil (to mitigate

photopolymerization) until use.

Butadiene (Sigma-Aldrich, bp = —4 °C) with its low boiling point is a gas at room
temperature and requires special care to handle, always cooled in an ice water bath or in liquid
nitrogen to keep butadiene as a liquid and avoid over-pressurizing the glass vessels. Butadiene
monomer was collected from the gas cylinder and condensed, with liquid nitrogen, into a
purification flask with two sidearms: one sidearm fitted with a CHEM-VAC™ high vacuum valve
and the other sidearm fitted with a pressure-relief valve for safety. The butadiene was degassed by
performing three freeze-pump-thaw cycles: freezing with liquid nitrogen, pulling vacuum
(gradually at first to reduce losses) while the monomer freezes until baseline is reached, then
thawing in a 0 °C ice water bath. The degassed butadiene was vacuum distilled twice over n-

butyllithium (Aldrich, 1.6 M in hexanes) (2 mL n-butyllithium for each 10 g of monomer)
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following the same procedure as for styrene, except the purification was conducted at 0 °C in an
ice water bath for 30 minutes. After the second purification, the butadiene monomer was vacuum
distilled into a flame-dried monomer burette containing dry tetrahydrofuran and then kept at room

temperature until used.

1,1-diphenylethylene (DPE) (Tokyo Chemical Industry Co (TCI), bp = 277 °C) was
purified over n-butyllithium (Aldrich, 1.6 M in hexanes) (1 mL n-butyllithium for each 15 g of
monomer). After pulling vacuum on the DPE until baseline was reached, the n-butyllithium was
added at room temperature while purging argon. The DPE plus n-butyllithium was gradually
heated by 10 °C increments to 70 °C while pulling vacuum, held at there until baseline was
reached, and then heated to 90 °C (in 10 °C steps) to distill via short-pass distillation. The purified

DPE monomer was stored in the dry box freezer until used.

Polymerization: 1,1-Diphenylethylene (DPE) cannot self-polymerize, as the addition of
two sequential DPE monomers is sterically prohibited. Alternating copolymers of DPE with
butadiene comonomer can be produced under proper reaction conditions.** Previous reports show
the appropriate reaction conditions to produce a 1:1 alternating copolymer involve a molar excess

of DPE monomer in relation to butadiene in tetrahydrofuran at 0 °C.

Depending on the amount of polymer desired, two different reaction procedures were used.
For smaller scales, in a flame-dried 150 mL pressure vessel, potassium naphthalenide is added to
purified 1,1-diphenylethylene monomer. The solution is cooled to 0 °C. Purified butadiene in dry,
purified tetrahydrofuran is added to the pressure vessel. After at least 14 hours, the anionic
polymerization was terminated with argon-purged methanol. The synthesized polymer was
precipitated in methanol, recovered, and freeze-dried in benzene under vacuum. For larger scales,

a flame-dried 1000 mL 5 neck reactor is used. Purified tetrahydrofuran is added to purified 1,1-
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diphenylethylene monomer, then potassium naphthalenide is added. The rest of the procedure

mirrors the procedure for smaller scales.

2.3 Hydrogenation

Selective hydrogenation of the butadiene portion of DPE/B copolymer is crucial for this
work, as unsaturated double bonds in the polymer backbone are susceptible to reaction with acid
catalysts used for post-polymerization functionalization. Hydrogenation via a nickel-aluminum
catalyst was used to selectively hydrogenate DPE/B polymer and leave a fully saturated

backbone.1#°

Hydrogenation with nickel-aluminum catalyst:}* Nickel 2-ethylhexanoate was dried
under dynamic vacuum at room temperature; anhydrous cyclohexane was added to make a 0.1 M
solution . Triethylaluminum in a 3:1 molar ratio (triethylaluminum : nickel 2-ethylhexanoate)
slowly to the 0.1 M nickel 2-ethylhexanoate solution in cyclohexane at 0 °C under argon, and then
the solution was slowly warmed up to room temperature with stirring for 2 hours before use of the
nickel-aluminum catalyst. Selective hydrogenation was conducted in a Parr reactor under 600 psi
of hydrogen at 90 °C for 48 hours. After hydrogenation, the reactor was cooled down to room
temperature. The hydrogenated polymer solution in cyclohexane was washed with an 8 wt%
aqueous citric acid solution to neutralize the catalyst (stirred until the catalyst color disappeared),
washed with a saturated sodium bicarbonate solution to neutralize the citric acid, and finally
washed with distilled water to remove all salts from the hydrogenated polymer / cyclohexane
solution, all at room temperature. The washed polymer solution was filtered with a 0.22 um
Millipore Durapore® membrane filter at room temperature. The filtered polymer solution was
precipitated in methanol, and the hydrogenated polymer was recovered and fully dried under

dynamic vacuum.
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Figure 7. Selective hydrogenation of DPE/B backbone, saturating the backbone alkenes
while leaving the pendant phenyl groups untouched.

2.4 Backbone Cyclization with Intramolecular Friedel-Crafts Cyclization
Intramolecular Friedel-Crafts cyclization of DPE/B leaves a polymer backbone with a 6
member ring and no alkene carbons; this backbone structure is appealing for AEM applications

due to its increased glass transition temperature relative to DPE/B and DPE/E.146

DPE/B was dried under dynamic vacuum at room temperature; anhydrous dichloromethane
was added to make a 1.5 wt% solution. Diluted (10% in anhydrous dichloromethane)
trifluoromethanesulfonic acid (triflic acid) was added in a 1:10 molar ratio (triflic acid:DPE/B) to
the 1.5 wt% DPE/B in dichloromethane at 0 °C under argon. The reaction was quenched with
methanol after 10 minutes. The polymer was dissolved in dichloromethane, washed with saturated
sodium bicarbonate solution to neutralize any residual triflic acid, then washed with distilled water
to remove all salts from the hydrogenated polymer/dichloromethane solution, all at room
temperature. The washed polymer solution was filtered with a 0.22 pum Millipore Durapore®
membrane filter at room temperature. The filtered polymer solution was precipitated in methanol,

and the hydrogenated polymer was recovered and fully dried under dynamic vacuum.
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Figure 8. Triflic acid catalyzed intramolecular Friedel-Crafts cyclization of DPE/B.

2.5 Acid-Catalyzed Friedel-Crafts Bromoalkylation

Phenyl rings that are electron rich offer excellent sites for post-polymerization
functionalization by electrophilic substitution reactions.?® In this work, post-polymerization
functionalization was achieved by an acid catalyzed Friedel-Crafts bromoalkylation reaction.?3 147-
148 Figure 9 shows the mechanism, with DPE/E and PS as example polymers; triflic acid protonates
the tertiary alcohol (2-methyl-7-bromo-2-heptanol) to generate a carbocation, which in turn attacks
the electrophilic phenyl ring, attaching the alkyl sidechain.

PS g [:' F oo “ B [’

) F 1 HO™ T+

DPEE A s

Figure 9. Friedel-Crafts bromoalkylation of DPE/E and PS, utilizing triflic acid as a
Brgnsted acid to generate tert-carbocation.

Polystyrene functionalization was carried out at 0°C with no issues. Decrease in polymer

molecular weights was observed in DPE/E when the functionalization reaction was conducted at
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0°C. Lowering the reaction temperature to -20°C, achieved by using a dry ice bath in 70% water

and 30% methanol, gave successful functionalization reactions.

Vacuum and argon were cycled 5 times on an airfree flask containing polymer. Anhydrous
dichloromethane to make a 1 wt% solution was injected into the airfree flask and the polymer was
dissolved. The solution was then cooled to reaction temperature. The tertiary alcohol was diluted
in ~5 mL anhydrous dichloromethane, collected in a syringe fitted with a long stainless-steel
needle (Cadence Science, deflected point septum penetration needles 12 long, 20 gauge) and
added by a syringe pump over 5 minutes. The triflic acid was injected by a glass syringe (Hamilton,
luer tip gastight syringe, Model 1002 LT Syringe) using a stainless-steel needle (Cadence Science,
deflected point septum penetration needles 4 long, 20 gauge) all at once, as soon as the first drop
of diluted tertiary alcohol was added to the polymer solution. The reactions were terminated by
precipitating into an excess of methanol. The polymer was dissolved in dichloromethane and
washed with saturated aqueous sodium bicarbonate to remove residual triflic acid, then washed
with distilled water to removes salts, and then the polymer solution was precipitated in an excess
of methanol. The precipitated polymer was recovered using a Buchner glass frit filter funnel and

fully dried under dynamic vacuum at 80°C.

2.6 Nuclear Magnetic Resonance (NMR)

Nuclear magnetic resonance (NMR) spectroscopy is a commonly used technique for
evaluating the chemical structure of polymers. NMR utilizes the magnetic properties of atomic
nuclei (their magnetic moments) and the fact that their energy states are quantized to examine the

local chemical environments of atoms.*°
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The relationship between energy (E) and frequency (v) is written as AE = hy, where h =
Planck’s constant. This means that when electromagnetic radiation with a frequency (v)
corresponding to the AE needed to change the energy state from its base energy state to a higher,
excited energy state is applied, the electromagnetic radiation is absorbed and the higher energy

state is achieved.

To align the spins of the atomic nuclei in an NMR experiment, a sample is placed in a
strong magnetic field and a radio frequency (RF) pulse of frequencies is applied to reach nuclear
excitation. The detector measures the free induction decay (FID) with time. The FID decays back
to the baseline when the RF pulse ends, as the excited spin state of the atomic nucleus relaxes, by
releasing energy to the environment as thermal energy, back to the baseline state, which is aligned
with the applied magnetic field. The frequency spectrum of the individual resonance frequencies
can be obtained by taking the Fourier Transform of the decaying FID.**° Various reference nuclei
can be used, including proton (*H), carbon (*3C), and fluorine (**F). This work only employs proton

(*H) NMR.

NMR spectra are all relative and are reported against a defined reference. For proton NMR,
the reference is the compound tetramethylsilane (TMS); its signal is set as vstandard = 0. Other signals
are described in terms of the difference between their frequency and the frequency of the standard,
and normalized by dividing by the frequency of the spectrometer. The chemical shift, ¢ (in ppm),

is defined as

5 = Vsample~Vstandard (22)

Vo

Where vsample 1S the measured signal frequency, vstandard IS the reference frequency, and vo is

the frequency of the spectrometer (i.e. 500 MHz).
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An atom’s resonance frequency and excited state’s decay rate back to baseline are affected
by the chemical environment of the atom, specifically its electron density. An increase in electron
density, which increases shielding and reduces the influence of the applied magnetization, shifts
to lower frequency, which is observed as a low J. The integration of the peaks of the NMR
resonance signals gives a relative contribution. The peak area represents the relative number of
nuclei that have that chemical environment. Combined, these allow for the assigning of resonance
peaks to chemical structures, making NMR spectra maps of the chemical environments of

polymers.14°

NMR spectra can be used with polymers in a variety of ways. NMR can check the purity
of polymer samples, the degree of functionalization of a polymer, the microstructure of a polymer,

and even the determine the stoichiometric ratio of monomer units in a copolymer.

2.7 Size Exclusion Chromatography (SEC)

A standard technique for the rapid analysis of polymer number-averaged molecular weight
(Mn), weight-averaged molecular weight (Mw), and the dispersity (P = Mw/My) is size exclusion
chromatography (SEC). This technique is centered around liquid chromatography column or
columns in series to increase the column path length; the columns are packed with rigid, porous
media as the stationary phase and a liquid mobile phase that solubilizes the polymer. Initially the
technique was known as gel-permeation chromatography (GPC) or gel filtration chromatography
(GFC), however SEC has become the dominant term as gels are no longer the only column packing
medium used. The solubilized polymer is sorted by size based on its hydrodynamic radius as it
passes through the columns. Larger polymers are eluted sooner, that is, have a shorter retention
time in the column, because they are too large to fit in the smaller, more tortuous porosity paths,
150

thus bypass most pores.
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The hydrodynamic volume of a polymer scales with the radius of gyration (Rg) cubed (i.e.
R¢®), and the radius of gyration of a polymer scales with molecular weight as Ry~ N". v is a
proportionality constant based on the conformation of the polymer chain; v =1 for arod, v = 1/2

for an unperturbed coil, v = 1/3 for a dense globule, and v = 3/5 for a swollen coil in a good solvent.*

The solution passes through the columns and is then analyzed by a detector. Commonly
used detectors are refractive index (RI), light scattering, UV-Vis absorption, and viscometer.
Among these, the RI detector is the most common. The RI detector measures the difference in
refractive indices of the solubilized polymer eluted and pure solvent to determine the concentration

of the solute.! The relationship to determine the concentration is:

on
n(c) = ng+ (=) + - (2.3)
Where n(c) is the refractive index of the solute with some concentration c, ns is the
refractive index of the pure solvent, and (orn/0c) is the proportionality that relates (n(c) — ns) directly

toc.

The intensity of the RI signal is plotted versus the retention time to show the concentration
eluted with time, in arbitrary units, minutes, and number of polymer chains, respectively. The
retention time is translated into the more relevant molecular weight through a calibration curve,
which is created using a standard polystyrene reference that contains a range of known molecular
weight polystyrene samples and relating their molecular weights to measured retention times. A
SEC sample must be filtered (0.2 um syringe filter) to remove contaminants and undissolved

polymer that will clog the column and effect retention times of subsequent samples.

Factors that affect a polymer’s hydrodynamic radius include solvent, temperature, and the

polymer composition. To translate between different polymers and different solvents, Mark-
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Houwink are used. Molecular weight of novel polymers, however, are often reported against a

polystyrene standard, as their Mark-Houwink parameters are often not known.

In this work, an Agilent 1200 series SEC was used with a refractive index detector and
PLGel Mixed-C columns as the stationary phase. Tetrahydrofuran was used as the mobile phase,
at a flow rate of 1 mL/min. An injection volume of 50 pL was used with two columns and a guard

column.

2.8 Differential Scanning Calorimetry (DSC)

The thermal properties of polymer materials can be characterized by differential scanning
calorimetry (DSC). DSC measures the heat flow into and out of a sample needed to change its
temperature relative to a reference. A material’s characteristic thermal transitions can be found and
quantified by measuring its changes in heat capacity with changing temperature. DSC as a
technique is capable of finding a polymer’s chief thermal property, the glass transition polymer
(Tg). The Ty is the point above which the polymer chains are able to slide by one another and the
polymeric material can flow. The glass transition manifests in the thermogram as a step change as
the material’s heat capacity changes as the material transitions from a glassy state to a rubbery

state.!

2.9 lon Exchange Capacity (IEC)

An ion exchange membrane’s ability to conduct ions is directly tied to its ion content. The
ion content also impacts the water uptake as water molecules are attracted to the ionic sites by
hydrogen bonding; this water uptake can foster the formation of water channels in the membrane

and improve the conductivity of water solvated ions, because of this, it is needed to quantify the
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ion content of membranes to evaluate the water uptake and conductivity as functions of ion

content,* 83151

There are two common ways of expressing the ion content of a material, as ion exchange
capacity (IEC) or as equivalent weight (EW). IEC is expressed in millimoles (milliequivalents)
per gram of polymer; EW is expressed as grams of polymer per moles of ions (equivalents). IEC

and EW are reciprocals of each other: EW = 1000 / IEC. This work reports ion content as IEC.

Methods to determine ion content include NMR and titration, in this work Mohr titration
was used.™? membranes with chloride counterions were dried overnight under dynamic vacuum
at 80°C, weighed, and soaked in aqueous 0.5 M sodium nitrate (NaNO3) for 24 hours. Immersion
in agueous NaNO:s liberates the CI” counter ions into solution. After 24 hours, 3 drops of potassium
chromate (K2CrOs), a bright yellow colormetric indicator, were added to the aqueous NaNOs + CI
solution. The solution, while stirred with a magnetic stir bar, was titrated against a 0.1 M silver
nitrate (AgNOs3) aqueous solution. As AgNOs is added dropwise, the Ag* will react with available
ClI" ions to form silver chloride (AgCl), an insoluble white solid:

Ag*(aq) + Cl™(aq) — AgCl(s) (24)

When all available Cl- ions have reacted, Ag* will react with CrO4> ions to form silver

chromate (Ag2CrQOas), an insoluble rust-red solid:

2Ag*(aq) + Cr0,% (aq) = Ag,Cr0,(s) (2.5)

Rust-colored precipitates indicate the completion of the titration. The amount of CI

counterions that were present in the membrane sample and membrane IEC is calculated as:

IEC = ions [millimoles] (2.6)

mass of polymer membrane [g]
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2.10 lon Conductivity

The ion conductivity of an ion exchange membrane measures the ions moving through the
membrane, measured in Siemens / centimeter. The ion conductivity is a crucial property of an ion
exchange membrane, as the ion conductivity dictates the rate of electricity generated by the fuel
cell. The working ions that pass through the ion exchange membrane enable the electricity
generating reaction at the electrode. Good conductivity is the result of continuous, hydrated
channels; microphase separation between the hydrophobic, glassy backbone and the hydrophilic
ionic groups is driven by ionic association and water adsorbed to the ionic functional groups, which
forms a continuous network of hydrated channels for the transportation of ions.36%" Several factors,
including polymer backbone architecture,'%-1% density and type of ionic groups,'% 6 and
operating conditions, like humidity,**"*1° dictate the formation of effective water channel
networks. The precise mechanism of ion transport within these hydrated channels is still unknown,
however ion transport is proposed to be a combination of diffusion of ions through the water filled
ion conducting channels, convection and the Grotthus mechanism of ions to “hop” along through

a network of hydrogen bonds by breaking and re-forming hydrogen bonds,36: 83 120-122

An Arrhenius dependence on temperature, that is linear dependence of log(c) on T, is
often observed for ionic conductivity in classic liquid electrolytes, salts dissolved in low molecular
weight solvents, as well as in water solvated polymer electrolytes with single ion conduction,

where only the counter ion is mobile with one ion covalently bonded to the polymer.3!

While operational electrochemical devices apply voltage across a membrane’s thickness
and the ions are conducted through-plane of the membrane, laboratories, for ease of measurement,
generally employ a four-point probe electrode method that applies voltage across the surface of
153

the membrane and measures in-plane conductivity to measure conductivity.
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Chloride and hydroxide ion conductivities (¢ in mS/cm) of ionomer membranes were
measured using a four-point probe electrode method with BT-512 membrane conductivity test
system (BekkTech LLC). Measurements were conducted in a fully hydrated condition where the
cell was immersed in deionized water at 30°C, 60°C, and 80°C. The cell was equilibrated for at

least 90 minutes before the conductivity measurement.
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3. Anion Exchange Membranes Based on Poly(1,1-diphenylethylene-
alt-butadiene)

3.1 Introduction

Polystyrene as a polymer has seen prevalent use in fields worldwide, including in anion
exchange membranes, due to ease of synthesis and efficient costs. While polystyrene offers many
beneficial properties in these fields, polystyrene comes up short in anion exchange membranes in
several ways. Polystyrene’s backbone chemistry leaves the backbone susceptible to free radical
attack of the alpha hydrogen on the carbon with the pendant aromatic ring; additionally,
polystyrene based AEMs tend to be extremely brittle and have excessive water uptake, all of which

hinder the use of polystyrene for AEM applications.5 23 147, 154

A monomer similar to styrene, 1,1-diphenylethylene (DPE), has garnered attention as a
possible monomer for an AEM polymer system. However, due to steric hinderance, DPE cannot
self-polymerize, thus a comonomer is required for a DPE based polymer system. With anionic
polymerization under the right conditions, butadiene can make an alternating copolymer with DPE
due to the reaction kinetics favoring butadiene adding to DPE and DPE’s sterics prohibiting self-
polymerization.*** Poly(1,1-diphenylethylene-alt-butadiene) (DPE/B) is a polymer that holds
multiple properties that make it an appealing candidate for AEM applications: an all carbon
backbone resists hydroxide attack, multiple phenyl groups per repeat unit allow for greater
functionalization, and no alpha hydrogen on the polymer backbone.®® 154 DPE/B offers a direct
comparison to polystyrene, in that polystyrene has one phenyl ring per repeat unit (~100 g/mol),
and that DPE/B has two phenyl ring per repeat unit (~200 g/mol); this allows for functionalization

of a given percentage of phenyl rings on each polymer species to have a similar IEC, allowing for
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better comparison between the two species. While DPE/B and polystyrene are similar, DPE/B
offers characteristics that can improve on polystyrene’s AEM properties: the two phenyl rings on
one backbone carbon and the 5 carbons of space between carbons with pendant phenyls both offer
more space between functional groups, which can allow for better aggregation of those functional

groups.

3.2 Experimental Details

3.2.1 Materials

Butadiene (Sigma-Aldrich) was purified twice over n-butyllithium and vacuum distilled.
1,1-diphenylethylene (TCI) was purified over n-butyllithium and vacuum distilled. Styrene
(Acros) was purified twice over di-n-butylmagnesium and vacuum distilled. Cyclohexane (Sigma-
Aldrich) was purified by passing through activated alumina (BASF F-200) and activated copper
catalyst (BASF Q-5). Tetrahydrofuran (Sigma-Aldrich) was purified by passing through activated
alumina (BASF F-200). Naphthalene (TCI), potassium (Acros Organics), nickel(ll) 2-
ethylhexanoate (Aldrich), triethylaluminum (Aldrich), ethyl 6-bromohexanoate (Alfa Aesar),
methyl magnesium bromide (Alfa Aesar), anhydrous dichloromethane (Honeywell),
trifluoromethanesulfonic acid (Alfa Aesar), citric acid (VWR), sodium bicarbonate (EMD
Millipore), dimethylsulfoxide (EMD Millipore), sodium chloride (Fisher), sodium nitrate (BDH),
silver nitrate (Alfa Aesar), ethanol (Acros), n-butyllithium (Aldrich), di-n-butylmagnesium

(Aldrich), and sec-butyllithium (Aldrich) were used as received.

3.2.2 Potassium Naphthalenide
Potassium metal was collected in a Chemglass Airfree flask and dried. Naphthalene was

added under positive argon pressure. Tetrahydrofuran was cannulated in, and the reaction mixture
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was stirred overnight. The potassium naphthalenide solution was used within two weeks to

preserve the integrity of the electron transfer agent.

3.2.3 Polymerization

Polystyrene (PS) was synthesized via anionic polymerization. In a reactor containing
cyclohexane under argon at 43°C, sec-butyllithim was added. Styrene monomer was slowly added.
The reaction was allowed to proceed overnight to completion. The living polymer chains were
terminated with argon-purged methanol. The synthesized PS polymer in cyclohexane was
precipitated in methanol, recovered, and dried under vacuum. The synthesized PS was
characterized by size exclusion chromatography using polystyrene standards, *H nuclear magnetic

resonance, and differential scanning calorimetry.

Poly(1,1-diphenylethylene-alt-butadiene) (DPE/B) alternating copolymer was synthesized
by anionic polymerization. In a reactor containing 1,1-diphenylethylene (DPE) in tetrahydrofuran
under argon at 0°C, potassium naphthalenide was added to activate DPE. After enough time had
passed to activate DPE, butadiene was added slowly. The reaction was allowed to proceed for 14
hours to ensure completion. The living polymer chains were terminated with argon-purged
methanol. The synthesized DPE/B polymer in tetrahydrofuran was precipitated in methanol,
recovered, and dried under vacuum. The synthesized DPE/B was characterized by size exclusion
chromatography using polystyrene standards, *H nuclear magnetic resonance, and differential

scanning calorimetry.

3.2.4 Selective Hydrogenation
Hydrogenated poly(1,1-diphenylethylene-alt-butadiene) alternating copolymer was
prepared by selective hydrogenation of DPE/B alternating copolymer using nickel-aluminum

catalyst.™® The nickel-aluminum catalyst was prepared by slowly adding triethylaluminum under
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argon to a 0.1M nickel(Il) 2-ethylhexanoate solution in cyclohexane at 0°C. The solution was
slowly warmed to room temperature with stirring for at least 2 hours before use. Selective
hydrogenation was conducted in a Parr reactor under 600 psi of hydrogen at 90°C for 48 hours.
The hydrogenated DPE/E polymer solution is cyclohexane was washed with 8 wt% aqueous citric
acid solution, saturated sodium bicarbonate solution, and deionized water. The polymer was then

precipitated in methanol, then fully dried in vacuum at 70°C.

3.2.5 Synthesis of Brominating Agent

7-bromo-2-methyl-2-heptanol was prepared based on a previous literature report.!” Under
argon atmosphere, ethyl 6-bromohexanoate (Alfa Aesar, 0.11 mmol) was diluted in dry
tetrahydrofuran (120 ml), then cooled to 0 °C, and methyl magnesium bromide solution (Alfa
Aesar, 0.3 mol) was slowly cannulated to the solution. The reaction mixture was stirred for
overnight before quenching with saturated ammonium chloride (NH4Cl) in deionized water
(~60mL). Synthesized 7-bromo-2-methyl-2-heptanol was extracted with diethyl ether twice, dried
over magnesium sulfate, rotary evaporated to collect diethyl ether, vacuum distilled, and stored in

a freezer in a dry box.

3.2.6 Acid-Catalyzed Friedel-Crafts Bromoalkylation of DPE/E and PS

Acid-catalyzed Friedel-Crafts bromoalkylation reaction was used to functionalize the
phenyl groups of DPE/E polymer with 7-bromo-2-methyl-2-heptanol to make alkylbromo-
functionalized poly(1,1-diphenylethylene-alt-butadiene) (DPE/E-Br).!*” The following is a
representative procedure. DPE/E polymer (0.5 g, 2.1 mmol polymer) was completely dissolved in
anhydrous dichloromethane at room temperature. The polymer solution was chilled to -20°C using
a dry ice bath with methanol and water (30% methanol, balance water). 7-bromo-2-methyl-2-

heptanol (1.0g, 4.81 mmol) solution in anhydrous dichloromethane (5 ml) was slowly added to the
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DPE/E polymer solution using a syringe pump over 5 minutes. As soon as the first drop of the
diluted 7-bromo-2-methyl-2-heptanol solution was added to the reactor, triflic acid (0.53mL, 1.0
mmol. molar ratio of triflic acid to 7-bromo-2-methyl-2-heptanol = 1.1) was injected to the reaction
flask using a glass syringe to catalyze the functionalization reaction. The reaction was terminated
after 10 minutes by pouring the solution into methanol. The polymer was collected, redissolved in
dichloromethane, washed with saturated sodium bicarbonate to remove and residual acid, then
washed with distilled water to remove any salts. The polymer was then precipitated in methanol
again, then dried under vacuum at 80°C. The same procedure was followed to functionalize PS to

alkylbromo-functionalized polystyrene (PS-Br).

3.2.7 Homogeneous Quaternization

DPE/E-Br was dissolved in tetrahydrofuran to form a 2.5 wt% solution. The amount of
polymer was determined by targeting 50 um films in various casting dishes. A 3x excess of
trimethylamine, 33 wt% in ethanol, was added and stirred for 24 hours. Dimethylsulfoxide was
added such that the quaternized polymer would be 2.5 wt% in dimethylsufloxide. The mixture was
allowed to vent for at least four hours to allow the odorous excess trimethylamine to dissipate. The
quaternized hydrogenated poly(1,1-diphenylethylene-alt-butadiene) (DPE/E(QA)) solution was
then cast in a controlled airflow oven at 80°C overnight, then collected for characterization. The

same procedure was followed for Br-PS to make quaternized polystyrene (PS(QA)) films.

3.2.8 Size Exclusion Chromatography (SEC)

The molecular weight and polydispersity of the synthesized DPE/B and PS polymers were
characterized by a size exclusion chromatography system with a refractive index detector (SEC,
Agilent). Three consecutive PLGel Mixed-C columns were used as the stationary phase, and

tetrahydrofuran (30°C) at a flow rate of 1 mL/min was used as the mobile phase.
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3.2.9 'H Nuclear Magnetic Resonance (*H NMR)

The chemical composition and degree of functionalization were determined by *H NMR
spectroscopy analysis (Agilent 500MHz spectrometer). Non-quaternized polymers were
characterized at room temperature in either deuterated chloroform or deuterated tetrachloroethane

and quaternized polymers were characterized using deuterated dimethylsulfoxide.

3.2.10 Differential Scanning Calorimetry
The glass transition temperatures of PS, Br-PS, DPE/E, and DPE/E-Br were characterized
using differential scanning calorimetry (DSC) technique (TA instruments, Q2000) at a ramping

rate 10 °C/min.

3.2.11 lon Exchange Capacity (IEC) Measurements

IECs of membranes were determined by Mobhr titration. The membranes with bromide or
chloride counterions were dried under vacuum at 80°C, weighed, and immersed in an aqueous 0.5
M NaNOs solution for 48 hours. The NaNOs solution was titrated with a 0.1 M AgNOs aqueous

solution using K>CrOg as a colorimetric indicator.

3.2.12 Chloride Conductivity Measurements

Chloride ion conductivities (¢ in mS/cm) of QA-PS and DPE/E(QA) membranes were
measured using a four-point probe electrode method with BT-512 membrane conductivity test
system (BekkTech LLC). Measurements were conducted in a fully hydrated condition where the
cell was immersed in deionized water at 30°C, 60°C, and 80°C. The cell was equilibrated for at

least 30 minutes before the conductivity measurement.

3.2.13 Chloride Water Uptake

Water uptake (WU) was calculated as
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WuU(%) = [(Whydrated - Wdry)xloo]/wdry (3-1)

Where Whydrated and Wary are the weights of the patted-dry water swollen and dry

membranes, respectively. The dry membrane was prepared under dynamic vacuum at 80°C.

3.2.14 Hydroxide Counterion Exchange

While AEMs are used in applications, such as fuel cells or electrolyzers, with hydroxide
(OH) counterions, they are rarely handled in hydroxide form during testing and characterization,
due to hydroxide readily reacting with carbon dioxide to form carbonate species, which lower the
performance of the membrane.'®® AEMs with chloride (CI") counterions avoid this issue, making
them easier to handle and characterize. However, since the OH" form of membranes is what is used
in application, it is valuable to characterize the membranes in hydroxide form as well as chloride
form. In order to convert a membrane from chloride form to hydroxide form, the fully dried
membrane is introduced to an argon filled glove box. There it is soaked in 1.0 M NaOH for 48

hours, rinsed with distilled water, then soaked in distilled water.

3.2.15 Hydroxide Water Uptake

Water uptake of the OH™ form of membranes was measured in an argon filled glovebox
after exchanging the counter ion from chloride to hydroxide. Water uptake (WU) was calculated
as WU(%) = [(Whydrated-Wary)X100]/Wary Where Whydrated and Wary are the weights of the patted-dry
water swollen and dry membranes, respectively. The dry membrane was prepared under dynamic
vacuum at 80°C. The hydrated membrane was soaked in water overnight, patted dry to remove

surface water, then weighed.
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3.2.16 Hydroxide Conductivity

Hydroxide ion conductivities (¢ in mS/cm) of QA-PS and DPE/E(QA) membranes were
measured using a four-point probe electrode method with BT-512 membrane conductivity test
system (BekkTech LLC). Measurements were conducted in a fully hydrated condition where the
cell was immersed in deionized water at 30°C, 60°C, and 80°C. The cell was equilibrated for at
least 30 minutes before the conductivity measurement. Since the hydroxide counterion rapidly
reacts with carbon dioxide, replacing OH" with CO3? and HCOs, the deionized water was bubbled
with argon for an hour before adding the measurement and continued bubbling throughout.*®” The
membrane was moved from the argon glovebox in a sealed bag and quickly placed in the argon

bubbled water to limit CO2 exposure.

3.3. Results

3.3.1 Polymerization of Poly(1,1-diphenylethylene-alt-butadiene)
Poly(1,1-diphenylethylene-alt-butadiene) (Mn = 140 kg/mol, ® = 1.15), the precursor

polymer to a selectively hydrogenated polymer backbone, was synthesized via anionic

polymerization described in Experimental Details and visualized in Figure 10. Polystyrene used

as a comparison was also synthesized via anionic polymerization (Mn = 84 kg/mol, D =1.19)
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Figure 10. a) Polymerization, selectlve hydrogenation, bromoalkylation, and quaternization
of DPE/B. b) Bromoalkylation and quaternization of PS.

The DPE/B polymer had a DPE to butadiene ratio of 1:1.08, and the butadiene was 88%
1,4 addition and 12% 1,2 addition, as measured by integration of peaks in the *H NMR (Figure
11). The reaction was found to have been run to completion by the lack of characteristic peaks of
the 1,1-diphenylethylene monomer, with completion being the reaction of all present DPE. The
GPC trace revealed a small peak prior to the main peak which can be attributed a negligible amount

of coupling.
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3.3.2 Selective Hydrogenation of Poly(1,1-diphenylethylene-alt-butadiene)

Upon the synthesis of the DPE/B precursor, the diene portions were selectively
hydrogenated using a Ni/Al catalyst to convert it to hydrogenated poly(1,1-diphenylethlene-alt-
butadiene) (DPE/E). Complete selective hydrogenation was confirmed by *H NMR, while the
dispersity was measured by SEC. Complete hydrogenation of all 1,4 and 1,2-type butadiene units
was confirmed by the complete disappearance of the alkene peaks in 5.5 — 4.0 ppm as well as the
intensity ratio of alkane and aromatic hydrogens. The slight increase in My further corroborated

the complete hydrogenation.

c (aliphatic) a @

. ® @
A

Intensity, normalized

6 (ppm)

Figure 11. 'H NMR of DPE/B and DPE/E. Selective hydrogenation of DPE/B was
confirmed by the lack of alkene peaks (b) and the aromatic peaks (a) remaining.
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Figure 12. SEC chromatograph of DPE/B and DPE/E, showing no increase in dispersity
after selective hydrogenation.

3.3.3 Acid Catalyzed Friedel-Crafts Bromoalkylation

The phenyl groups of DPE/E were functionalized via acid catalyzed Friedel-Crafts
bromoalkylation with 7-bromo-2-methyl-2-heptanol.!*’ The same procedure was also used to
functionalize polystyrene as a baseline polymer for comparison. The reaction conditions are
elaborated in the experimental details. Brominated polystyrene (PS-Br) showed very slight
degradation under these conditions, whereas DPE/E-Br showed more evident degradation. Despite
this, the DPE/E-Br still was nearly monodisperse, with D equaling 1.7 at most. The degree of

functionalization and efficiency of the reaction were determined by *H NMR.
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Figure 13. 'H NMR of DPE/E-Br of varying degrees of functionalization.
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Figure 14. Representative 'H NMR of DPE/E-Br, the arrow points to the peak from the
hydrogens on the carbon adjacent to the bromine. The degree of functionalization was
determined by the integration of this peak vs. the integration of the aromatic region.
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Figure 15. Representative SEC chromatogram of DPE/E-Br, showing a shift in the main
peak to higher molecular weight as alkyl chains are added and an increase in lower
molecular weight chains from unwanted degradation.
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Figure 16. 'H NMR of PS-Br of varying degrees of functionalization.
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Figure 17. Representative *H NMR of PS-Br, the arrow points to the peak from the

hydrogens on the carbon adjacent to the bromine. The degree of functionalization was
determined by the integration of this peak vs. the integration of the aromatic region.
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Figure 18. SEC chromatogram of PS-Br, showing a shift in the main peak to higher
molecular weight as alkyl chains are added.

During the functionalization process, it was discovered that the functionalized DPE/E-Br
polymer was bimodal in nature. That is, the SEC trace revealed two separate polymer species, one
that had been functionalized, DPE/E-Br, and one that had not, DPE/E. This is a crucial issue, as
the two-polymer species will phase separate if given the opportunity to reach equilibrium. The
solvent casting method used to prepare AEMs allows polymers to reach equilibrium, as this allows
homogenous polymer solutions to microphase separate and form ion conducting channels as the
solvent evaporates. With a solution of two separate polymer species, the two species would also
phase separate, leaving a heterogeneous film with a non-functionalized portion that has no ability
to conduct ions. As such, optimization of the reaction solution was required to ensure that the
reaction solution was one homogeneous phase rather than a two-phase mixture. This was done

following the principals of a polymer phase diagram in solution.! In order to push the polymer
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system from the heterogeneous, two phase mixture to a homogeneous mixture, it was required to
either raise the temperature or decrease the concentration of polymer in solution. Since elevated
temperature would make the reaction species more active, it would lead to greater degradation of
the backbone; thus, it was determined the best way to get the homogeneous functionalization of
the backbone polymer was to use a more dilute solution. SEC traces of DPE/E-Br at 5 wt% and

2.5 wt% confirmed that the more dilute solution led to homogeneous functionalization.

—— DPE/E
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Figure 19. SEC chromatogram of bimodal DPE/E-Br, indicative of two different polymer
species being present, a functionalized species and an unfunctionalized species.
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Figure 20. SEC chromatogram of monomodal DPE/E-Br, indicative of uniform
functionalization across all chains.

Figure 21. Mechanism of Friedel-Crafts bromoalkylation of DPE/E showing possible
degradation mechanism of tertiary carbocation on polymer backbone stabilized by
aromatic group.

The degree of functionalization was controlled by controlling the amount of brominating
agent that was added,; the reaction proceeded at 95-99% efficiency. The efficiency was determined

by the degree of functionalization compared to the stoichiometric ratio of phenyls and brominated
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agent added. The degree of functionalization was determined by the ratio of integrations of the

aromatic hydrogens and the hydrogens on the carbon adjacent to the bromide.

3.3.4 Quaternization

After bromo-functionalization of the precursor polymers, the polymers were quaternized
with trimethylammonium (TMA) in ethanol from PS-Br and DPE/E-Br to PS(QA) and
DPE/E(QA), respectively. The quaternized forms of the polymers contain a quaternary ammonium

with a positive charge, seen in Figure 22.
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Figure 22. Quaternization of PS-Br and DPE/E-Br.

e

By dissolving the Br precursor in THF then added a stoichiometric excess of TMA solution,
100% quaternization was achieved. The exact conditions are detailed in the experimental sections.
The difficulties of the homogeneous quaternization came in collecting the quaternized polymer.

The quaternized polymer precipitated in several solvents, but was difficult to collect in order to
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cast. To avoid the problem of collecting the quaternized polymer, DMSO was added to the
homogeneous reaction mixture and the entire solution was solvent cast. The differences in boiling
points of the solvents used, THF, ethanol, and DMSO, allowed for the evaporation of the volatile
solvents so the quaternized polymer was only in the high boiling DMSO for the solvent casting.
This allowed for slow casting which allows for the aggregation of the charged moieties and

formation of ion conduction portions of the polymer.

3.3.5 Film Casting

Films were cast in conditions described in the experimental. A glass petri dish (Duroplan,
DWK Life Sciences) was used due to the levelness of the dish. A perfectly level dish allows for
an even membrane, which is ideal for practical use. However, when the quaternized polymers were
cast in these glass dishes, they did not form a good film. The charged polymers aggregated on
charged parts of the glass, leaving a broken scattering of polymer that stuck to the dish, rather than
a uniform film that could be collected. To get a usable film, an aluminum weigh boat was used
(Aluminum Smooth Weigh Dish, VWR). While this allowed for a usable film to be cast, it was far
from ideal in several ways. First, the mass-produced weigh boats are not level like the glass petri
dishes, so it is unable to produce a film with uniform thickness. Additionally, the weigh boats are
easy to bend, so using one weigh boat for multiple castings is difficult. Using different weigh boats
of varying degrees of levelness leads to films with differing amounts of uniformness in thickness.
Several alternatives were tested, and the best was determined to be a petri dish made from PFA
(perfluoroalkoxy alkane, Saint-Gobain Chemware). The dish is not uniformly level, so it does not
provide films of uniform thickness, but using the same dish for each casting allows for the
thickness to be consistent across samples. This was determined to be the most repeatable and

consistent form of film casting, and was used to cast the films for this work.
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The quaternized films were characterized by measuring the IECs using Mohr titration
Measuring the IEC confirmed that the homogeneous quaternization was successful in converting
100% of the Br groups to quaternary ammonium groups. After the IECs were confirmed, the films
were ion exchanged to prepare for conductivity testing, detailed in 3.2.12. lon Exchange Capacity

(IEC) Measurements.

3.3.6 Differential Scanning Calorimetry

Prior to the quaternization of the Br-polymers, differential scanning calorimetry (DSC) was
performed to find the Tg4 following the procedure detailed in the experimental. DSC was performed
with the Br precursor rather than the final QA polymer because the charged group greatly lowers
the Ty and the effect of the degree of functionalization is harder to determine. The Tg’s of the
polymer series are listed in Table 1 and Table 2, and are plotted as a function of degree of
functionalization in Figure 23. The Tg’s of the base, unfunctionalized polymers are within 5°C of
each other and mirror each other as the IEC increases. This result is not surprising, given the
similarity in structure, which leads to near identical IEC at the same degree of functionalization,

and original Tg’s.
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Table 1. Ty's of DPE/E-Br at various degree of functionalizations.

Polymer Degree of IEC (meq./qg) Tg (°C)
Functionalization (%)

DPE/E 0 0 103
DPE/E-Br-0.38 5 0.38 94
DPE/E-Br-0.83 12 0.83 90
DPE/E-Br-1.00 15 1.00 87
DPE/E-Br-1.43 24 1.43 77
DPE/E-Br-1.72 31 1.72 74
DPE/E-Br-1.99 39 1.99 65

Table 2. Ty's of PS-Br at various degrees of functionalizations.

Polymer Degree IEC (meq./g) Tq (°C)
Functionalization (%)

PS 0 0 100
PS-Br-0.72 10 0.72 89
PS-Br-1.01 15 1.01 83
PS-Br-1.22 19 1.22 86
PS-Br-1.45 24 1.45 76
PS-Br-1.95 37 1.95 64
PS-Br-2.08 41 2.08 59
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Figure 23. Glass transition temperatures (Tq’s) of PS-Br and DPE/E-Br, showing a decrease
in Tq with increasing degree of functionalization.

3.3.7 Conductivity

lon exchange capacities IEC of quaternized polymers was measured by Mohr titration,
detailed in the experimental section, and compared with theoretical IEC from 'H NMR of the
brominated precursor. The titration IEC was found to be within experimental error of the
theoretical IEC. Ion conductivity (o) was measured with CI” counterions. Conductivity of
DPE/E(QA) generally increased as IEC and temperature increased. The results are summarized in

Table 3 and Table 4 and are depicted in Figure 24 through Figure 27 below.
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Table 3. CI- conductivity of DPE/E(QA).

CI- Conductivity (mS/cm)
Theoretical IEC Experimental IEC

Polymer (meq./g)? (meq./g)° 30°C 60°C 80°C
DPE/E(QA)-0.38 0.38 0.40 0.5 0.5 0.4
DPE/E(QA)-0.83 0.83 0.87 0.6 1 1
DPE/E(QA)-1.00 1.00 1.08 0.5 1 4
DPE/E(QA)-1.43 1.43 1.46 5 18 38
DPE/E(QA)-1.72 1.72 1.74 8 22 36
DPE/E(QA)-1.99 1.99 2.05 12 37 38

3Calculated from degree of bromination, reported in OH- form. "Measured via Mohr titration in Br- or CI-
form, converted and reported in OH" form.

Table 4. CI- conductivity of PS(QA).

Cl- Conductivity (mS/cm)

Theoretical IEC Experimental IEC
Polymer (meq./g)? (meq./g)° 30°C 60°C 80°C
PS(QA)-0.72 0.72 0.74 0.3 0.3 0.5
PS(QA)-1.01 1.01 1.05 15 6.1 15
PS(QA)-1.22 1.22 1.33 34 12 25
PS(QA)-1.45 1.45 1.50 5.9 25 30
PS(QA)-2.08 2.08 2.10 25 25 0.8

3Calculated from degree of bromination, reported in OH- form. "Measured via Mohr titration in Br or CI-
form, converted and reported in OH" form.
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Figure 24. Cl- conductivity of DPE/E(QA)-IEC.
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Figure 25. CI conductivity of PS(QA)-IEC.
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Figure 26. ClI- conductivity of DPE/E(QA) and PS(QA) at IEC ~1.5 meq./g, showing nearly
identical conductivity.
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Figure 27. CI conductivity of DPE/E(QA) and PS(QA) at IEC~2.0 meq./g, PS(QA)-2.08
conductivity drops to 0 mS/cm at high temperature (80°C) while DPE/E(QA)-1.99
maintains conductivity of 40 mS/cm.

At lower IECs, the conductivity of the DPE/E(QA) and PS(QA) series are nearly
indistinguishable. As they have similar structures, IECs, and Tg’s, this is not unexpected. At higher
IEC, approximately 2.0 meq./g, a major difference is observed. At 80°C, the operating temperature
of a typical AEM fuel cell, PS(QA)-2.08 is no longer conductive. Upon removal from the
conductivity setup, it is seen to be gel like, seen in Figure 28. DPE/E(QA)-1.99, however,

withstood the elevated temperature and continued conducting.
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Figure 28. PS(QA)-2.08 after CI- conductivity measurement at 80°C, the film does not
maintain its form, is very gel like, and is impossible to collect in one piece.

Table 5. OH" conductivity of DPE/E(QA).

ClI- Conductivity (mS/cm)

Theoretical IEC Experimental IEC
Polymer (meq./g)? (meq./g)® 30°C 60°C 80°C
DPE/E(QA)-1.50 1.50 1.46 10.64 22.54 40.06
DPE/E(QA)-2.02 1.99 2.05 8.26 14.60 19.92

3Calculated from degree of bromination, reported in OH- form. ®Measured via Mohr titration in Br- or CI-
form, converted and reported in OH" form.

Table 6. OH" conductivity of PS(QA).
CI- Conductivity (mS/cm)

Theoretical IEC Experimental IEC
Polymer (meq./g)? (meq./g)° 30°C 60°C 80°C
PS(QA)-1.50 1.50 1.52 10.12 22.09 35.00
PS(QA)-2.02 2.02 2.05 11.73 16.57 9.325

3Calculated from degree of bromination, reported in OH- form. "Measured via Mohr titration in Br- or CI-
form, converted and reported in OH" form.
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Figure 29. OH- conductivity of DPE/E(QA) and PS(QA) at IEC~1.5 meq./g, showing no
significant differences between the two species.
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Figure 30. OH" conductivity of DPE/E(QA) and PS(QA) at IEC~2.0 meq./g, PS(QA)-2.02
conductivity drops to 9 mS/cm at high temperature (80°C) while DPE/E(QA)-1.94
maintains conductivity of 46 mS/cm.

Figure 31. PS(QA)-2.02 after OH" conductivity measurement at 80°C, the film does not
maintain its form, is very gel like, and is impossible to collect in one piece.
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Figure 32. DPE/E(QA)-1.94 after OH" conductivity measurement at 80°C, the film
maintains its form with no noticeable difference after the measurement.

The hydroxide conductivity of DPE/E(QA) and PS(QA) showed similar trends to the
chloride conductivity, seen in Figure 29 and Figure 30. At lower IEC, approximately 1.5 meq./g,
conductivity was nearly identical between the two series. At higher IEC, near 2.0 meq./g, the two
polymers were nearly identical in conductivity again, until the system was heated to 80°C. At
80°C, PS(QA)-2.08 steadily dropped in conductivity before levelling off at about 9 mS. When the
conductivity cell was removed from the setup, the strip of PS(QA)-2.08 had lost all mechanical
integrity, seen in Figure 31. Trying to remove the gel from the setup resulted in bits sticking to the
tweezers and to the setup. Conversely, DPE/E(QA)-1.99 was able to withstand the elevated

temperature and continue conducting, seen in Figure 32.

3.3.8 Water Uptake
To investigate the differences in conductivity observed between PS(QA) and DPE/E(QA),
the water uptake of the two polymers were measured. The water uptake (WU) for both PS(QA)

and DPE/E(QA) was calculated as: WU (%)=[(W nydratea—W ary)*100)/W ary
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where Whydrated and Wary are the weights of the patted-dry water swollen and dry membranes,
respectively. Dry membranes were prepared under dynamic vacuum at 80°C. Hydrated

membranes were prepared by soaking in deionized water overnight.
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Figure 33. Water uptake of DPE/E(QA) and PS(QA) with CI- counterion, PS(QA) water
uptake increases significantly with IEC while DPE/E(QA) maintains a water uptake of
~15% regardless of IEC.

The water uptakes of the polymer series in their chloride forms results show a stark contrast
between the two polymer series, seen in Figure 33 and Figure 34. The PS(QA) polymer saw large
amounts of water imbibed, whereas the DPE/E(QA) series did not absorb much water at all. The
difference becomes more apparent at high ion content, where hydrated PS(QA) is doubling in mass
over its dry form, but DPE/E(QA)’s mass increases by less than 20%. An interesting aspect of the
water uptake of DPE/E(QA) is that as its IEC increased, its water uptake did not. This bucks the

trend observed in anion exchange membranes of water uptake increasing as the ion content
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increases, which can easily be seen in the PS(QA) series. This finding is incredibly fascinating, as

a common obstacle for anion exchange membranes is detrimental water uptake at high IECs

desired for improved conductivity.
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Figure 34. Water uptake of DPE/E(QA) and PS(QA) with OH" counterion, PS(QA) water
uptake increases significantly with IEC while DPE/E(QA) maintains a water uptake of

~50% regardless of IEC.

The polymers exhibit a similar trend in water uptake when the chloride counterion is

replaced with a hydroxide counterion. As the ion content of PS(QA) increases, the water uptake

increases significantly, absorbing over 300 wt% at IEC near 2.0 meq./g. Meanwhile, DPE/E(QA)

with hydroxide counterions exhibited a similar water uptake trend as with chloride counterions,

having much lower water uptake than its PS(QA) counterpart at high IEC and steady water uptake

as IEC increased, bucking the trend of water uptake increasing with IEC. To explain this

observation, one can look at the polymer backbones, seen in Figure 35.
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DPE/E(QA) PS(QA)

Figure 35. Potential backbone segments of DPE/E(QA) and PS(QA), both segments have
functionalization of 50% and 3 consecutive repeat units without functionalization,
DPE/E(QA), however has a much longer chain segment between functionalized phenyls.

The DPE/E backbone offers two major differences in backbone structure from PS: two
phenyl groups on the same carbon instead of one and five carbons between carbons with phenyl
groups for DPE/E versus just one for PS. Both of these aspects of the DPE/E backbone can help
improve the conductivity and water uptake of the DPE/E(QA) AEM; each allow for better ion

aggregation.

Two phenyl groups on a single repeat unit allow for the possibility of two functional groups
on a single repeat unit. We know bifunctional repeat units are possible with DPE/E without steric
hinderance pushing the bromoalkyl groups to functionalize only one phenyl per repeat unit since
100% functionalization of poly(1,1-diphenylethylene-alt-tert-butyl-styrene) (DPE/BS) is
possible.’>® Seen in Figure 35, two functionalized phenyls on the same carbon allow for easier
ionic aggregation, as the six-carbon spacer between the aromatic ring and the cation allow the
cations the mobility to freely aggregate, while remaining close enough, by virtue of being bonded

to the same carbon in the backbone, to easily find each other. Repeat units with multiple functional
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groups are more ion rich and hydrophilic than repeat units with only one functional group. The
possibility of two functional groups on a single repeat unit also increases the number of repeat
units with no functional groups. More repeat units without functional groups create more polymer
rich and hydrophobic regions in the polymer chain. Multiple of these unfunctionalized repeat units
sequentially would especially contribute to the formation of thick polymer rich regions. Each of
these aspects allow for better ion aggregation, allowing for better formation of ion rich

(hydrophilic) regions and polymer rich (hydrophobic) regions.

Table 7. Properties of functionalized DPE/tBS copolymer, adapted from %8,

. Projected M, M, . T o
DoF" " IEC (OH)'  (kgimol® kgmol® °  0)

DPE/tBS n/a n/a 200 250 12 195
DPE/BS(Br)-0.13  0.13 0.7 230 310 13 175
DPE/BS(Br)-0.25  0.25 1.1 250 350 14 161
DPE/BS(Br)-0.29  0.29 13 250 330 13 159
DPE/tBS(Br)-0.43  0.43 1.7 240 310 13 146
DPE/tBS(Br)-0.56  0.56 2.0 260 350 14 135
DPE/BS(Br)-0.75  0.75 24 220 300 14 121
DPE/BS(Br)-1.00  1.00 2.8 230 340 15 113

aDegree of Functionalization, fraction of phenyls functionalized, determined from *H NMR. °Determined
from *H NMR. *Measured by GPC. ‘Measured by DSC.
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Figure 36. 100% functionalized DPE/tBS(QA), adapted from %8,

Moreover, the five carbons of space between phenyl groups in the polymer backbone allow
the backbone to orient itself more easily to facilitate the aggregation of cations much better than
just one carbon in between aromatic groups in polystyrene. This, again, allows for better ion
aggregation, allowing for better formation of ion rich (hydrophilic) regions and polymer rich
(hydrophobic) regions. Combined, these allow for thicker hydrophobic regions; thicker
hydrophobic limit the swelling of the hydrophilic regions, which in turn limits the water uptake.
This aspect of the DPE/E backbone leads to better membrane properties, compared to membranes

from a very similar backbone in PS.

3.4 Conclusions

We synthesized and characterized AEMs based on DPE/E polymer backbones analogous

to AEMs based on PS backbones. Each polymer was modified via Friedel-Crafts bromoalkylation
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to attach bromofunctional groups for quaternization. The DPE/E polymer backbones exhibited
lower water uptake at higher IECs than its PS counterpart, while still conducting anions, something
its PS counterpart was unable to match. The polymer backbone made this possible, as the DPE/E
backbone allows for improved formation of both hydrophilic regions, which improve conductivity,
and thicker hydrophobic regions, which limits water uptake. Polystyrene backbones could not
achieve this kind of microphase separation, demonstrated by the catastrophic water uptake at IECs
around 2.0. This decreased water uptake observed in DPE/E(QA) offers the potential for high
conductivity, low water uptake AEMs. DPE/E(QA) can be used in polymer systems, which allow
for improved morphologies in AEM applications, to improve on membrane properties over AEMs

with polystyrene, which are commercially available.

Currently, DPE/E(QA) is not suitable to be used as a standalone anion exchange membrane
due to its brittle nature and relatively low ion conductivity. It can, however, be used in a block
copolymer system, specifically a triblock copolymer system utilizing DPE/E(QA) as symmetric
outer blocks with a rubbery midblock of poly(ethylene-co-butylene) to improve on the mechanical
properties as well as the conductivity due to more complex morphologies available to triblock
copolymers as opposed to homopolymers. Polystyrene has been studied in such a system,
polystyrene-b-poly(ethylene-co-butylene)-b-polystyrene (SEBS), and suffered from excessive
water uptake and swelling.®® Utilizing low water uptake DPE/E(QA) can mitigate the water

uptake of the triblock AEM, leading to improved ion conductivity and membrane performance.

75



4. Cyclized Poly(1,1-diphenylethylene-alt-butadiene) with Glass
Transition Temperature Above 200°C

4.1 Introduction

In order to optimize water uptake, that is to have enough water uptake to hydrate ion-
conducting channels but not too much water that will cause mechanical failure, the drivers of water
uptake in polymeric ion exchange membranes must be understood. Two commonly used strategies
to combat the mechanical instabilities caused by excessive water uptake are physical and chemical
crosslinking.'>°1%° Each strategy lowers the overall membrane IEC by adding non-ionic chain
segments to improve mechanical strength. Furthermore, chemical crosslinking can lead to reduced
membrane flexibility, excessively increased molecular weight that make the crosslinked polymer
insoluble, and impede the formation of continuous ion-conducting channels which lowers
conductivity.®® Chemical crosslinking is used as a strategy because it improves membrane

toughness by reducing the molecular weight between entanglements (Me).166-167

An alternative means to avoid excessive water uptake is by using a backbone polymer with
an elevated glass transition temperature to reduce the osmotic swelling. The free volume within a
polymer controls its glass transition temperature (Tg); with low free volume, the polymer chains
are packed closely and the resulting Tg is high, while polymers with more flexible backbones tend
to have lower Ty’s.> 18 Polymers with higher free volume tend to have higher segmental mobility,
so the glass transition temperature is able to provide information about the local polymer segmental

motion 1,168-170

Glassy polymers, while seen as solids, will flow when an applied stress supplies sufficient

energy to the chains to rearrange into a more equilibrium configuration.® A higher T4 polymer will
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more strongly resist this onset of chain flow, allowing for better accommodation of water uptake.
Furthermore, a polymer’s Tg impacts a polymer’s mechanical recovery after it is deformed,

impacting the performance of the membrane. - 16171

Another membrane property impacted by the glass transition temperature is membrane
aging, where polymer chains gradually shift from their kinetically trapped state to their
thermodynamic equilibrium configuration as they undergo structural relaxations in the glassy
state.!%® 172 Aging involves lowering the free volume and entropy, making the material stiffer and
more brittle as it shifts to more glass-like and less rubber-like; as such, the polymer’s Tq impacts
the membrane aging process.'®® 172 Aging is also impacted by the polymer’s fractional free volume
and chain stiffness.}’?17 Stiffer polymers, polymers having a larger characteristic ratio (C.), are
more brittle and have slower rates of aging and flow (creep), while more ductile polymers, due to
their higher segmental mobility, have better ability to dissipate an applied force and thus age more

quickly.173‘175

High glass transition temperature polymers like poly(ether imide) (PEI, Ty = 215°C),1
poly(sulfone) (PSU, Ty = 190 - 220°C),*""182 and poly(phenylene oxide) (PPO, Tq = 220°C)% 13
183184 are common engineering thermoplastics and have been investigated as ion-exchange
membrane backbones and have shown a high Ty backbone is valuable in resisting catastrophic

water uptake.
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Figure 37. Various polymers with Tg4's around 200°C.

While the high glass transition temperature mitigates water uptake, the aryl ether bonds in
the polymer backbone are vulnerable to degradation in alkaline environments.18-18 Thus, AEMs
without these aryl-ether bonds are of the utmost interest, and AEMs with rigid polyphenylene
backbones have been investigated as they exhibit less water uptake normalized against IEC than
their polyolefin backbone counterparts.9- 93 116. 189-195 Eor example, ionomers based on polystyrene
(Tg = 100°C) require block copolymer configuration as well as chemical crosslinking to produce

mechanically stable AEMs, 159 161-162

In the previous chapter, DPE/E(QA) was found to have improved conductivity over
PS(QA) due to its ability to resist catastrophic water uptake at high IEC and temperature. This was
despite the two precursor polymers, DPE/E and PS, having nearly identical glass transition
temperatures. DPE/B can undergo intramolecular Friedel-Crafts cyclization to alkylate the double
bonds present in the DPE/B backbone, forming 6 member rings into the backbone, making it much

more rigid and increasing the glass transition temperature over 200°C.%*8 In this work, cyclized
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poly(1,1-diphenylethylene-alt-butadiene) (DPE/B-C) is synthesized, functionalized, and

characterized for its AEM properties.

4.2. Experimental Details

4.2.1 Materials

Butadiene (Sigma-Aldrich) was purified twice over n-butyllithium and vacuum distilled.
1,1-diphenylethylene (TCI) was purified over n-butyllithium and vacuum distilled.
Tetrahydrofuran (Sigma-Aldrich) was purified by passing through activated alumina (BASF F-
200). Naphthalene (TCI), potassium (Acros Organics), ethyl 6-bromohexanoate (Alfa Aesar),
methyl magnesium bromide (Alfa Aesar), anhydrous dichloromethane (Honeywell),
trifluoromethanesulfonic acid (Alfa Aesar), sodium bicarbonate (EMD Millipore),
dimethylsulfoxide (EMD Millipore), sodium chloride (Fisher), sodium nitrate (BDH), silver

nitrate (Alfa Aesar), ethanol (Acros), and n-butyllithium (Aldrich), were used as received.

4.2.2 Potassium Naphthalenide

Potassium metal was collected in a Chemglass Airfree flask and dried. Naphthalene was
added under positive argon pressure. Tetrahydrofuran was cannulated in, and the reaction mixture
was stirred overnight. The potassium naphthalenide solution was used within two weeks to

preserve the integrity of the electron transfer agent.

4.2.3 Polymerization

Poly(1,1-diphenylethylene-alt-butadiene) (DPE/B) alternating copolymer was synthesized
by anionic polymerization.** In a reactor containing 1,1-diphenylethylene (DPE) in
tetrahydrofuran under argon at 0°C, potassium naphthalenide was added to activate DPE. After

enough time had passed to activate DPE, butadiene was added slowly. The reaction was allowed

79



to proceed for 14 hours to ensure completion. The living polymer chains were terminated with
argon-purged methanol. The synthesized DPE/B polymer in tetrahydrofuran was precipitated in
methanol, recovered, and dried under vacuum. The synthesized DPE/B was characterized by size
exclusion chromatography using polystyrene standards, *H nuclear magnetic resonance, and

differential scanning calorimetry.

4.2.4 Cyclization of DPE/B

Many reaction conditions were tested in optimizing the cyclization reaction, some of which
can be seen in Table 8 in 4.3.1. Cyclization of Poly(1,1-diphenylethylene-alt-butadiene). The
following is the reaction procedure that was used for the DPE/B-C that gave the best product and

was used for the quaternized DPE/B-C(QA) that was characterized for its AEM properties.

DPE/B polymer (0.75g, 3.17 mmol repeat unit) was collected in an airfree flask, vacuum
cycled with argon to remove moisture and atmospheric air, and dissolved in anhydrous
dichloromethane at room temperature (2.5 wt% solution). The solution was cooled to -20°C using
a dry ice bath with methanol and water (30% methanol, balance water), then trifluoroacetic acid
(4.39 eq, 0.11 mL) was added to the solution. Triflic acid (0.25 equivalents, 0.07 mL) was added
slowly. By diluting the triflic acid with trifluoroacetic acid (43 wt% triflic acid), the Hammett
acidity function was lowered from 13.7 to 11.3.1% This was done to curtail degradation observed
in the reaction. The reaction was quenched by precipitating into methanol after 2 minutes. The
polymer was collected, redissolved in dichloromethane, washed with saturated sodium bicarbonate
to remove and residual acid, then washed with distilled water to remove any salts. The polymer

was then precipitated in methanol again, then dried under vacuum at 80°C.
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4.2.5 Synthesis of Brominating Agent

7-bromo-2-methyl-2-heptanol was prepared based on a previous literature report.” Under
argon atmosphere, ethyl 6-bromohexanoate (Alfa Aesar, 0.11 mmol) was diluted in dry
tetrahydrofuran (120 ml), then cooled to 0°C, and methyl magnesium bromide solution (Alfa
Aesar, 0.3 mol) was slowly cannulated to the solution. The reaction mixture was stirred for
overnight before quenching with saturated ammonium chloride (NH4Cl) in deionized water
(~60mL). Synthesized 7-bromo-2-methyl-2-heptanol was extracted with diethyl ether twice, dried
over magnesium sulfate, rotary evaporated to collect diethyl ether, vacuum distilled, and stored in

a freezer in a dry box.

4.2.6 Acid-Catalyzed Friedel-Crafts Bromoalkylation of DPE/B-C

Acid-catalyzed Friedel-Crafts bromoalkylation reaction was used to functionalize the
phenyl groups of DPE/B-C polymer with 7-bromo-2-methyl-2-heptanol to make alkylbromo-
functionalized cyclized poly(1,1-diphenylethylene-alt-butadiene) (DPE/B-C-Br); the following is
a representative procedure.}*” DPE/B-C polymer (0.5 g, 2.1 mmol repeat unit) was completely
dissolved in anhydrous dichloromethane at room temperature. The polymer solution was chilled
to -20°C using a dry ice bath with methanol and water (30% methanol, balance water). 7-bromo-
2-methyl-2-heptanol (1.0g, 4.81 mmol) solution in anhydrous dichloromethane (5 ml) was slowly
added to the DPE/B-C polymer solution using a syringe pump over 5 minutes. As soon as the first
drop of the diluted 7-bromo-2-methyl-2-heptanol solution was added to the reactor, triflic acid
(0.53mL, 1.0 mmol. molar ratio of triflic acid to 7-bromo-2-methyl-2-heptanol = 1.1) was injected
to the reaction flask using a glass syringe to catalyze the functionalization reaction. The reaction
was quenched after 10 minutes by precipitating the polymer in methanol. The polymer was

collected, redissolved in dichloromethane, washed with saturated sodium bicarbonate to remove
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and residual acid, then washed with distilled water to remove any salts. The polymer was then

precipitated in methanol again, then dried under vacuum at 80°C.

4.2.7 Homogeneous Quaternization

DPE/B-C-Br was dissolved in tetrahydrofuran to form a 2.5 wt% solution. The amount of
polymer was determined by targeting 50 um films in various casting dishes. A 3x excess of
trimethylamine, 33 wt% in ethanol, was added and stirred for 24 hours. Dimethylsulfoxide was
added such that the quaternized polymer would be 2.5 wt% in dimethylsufloxide. The mixture was
allowed to vent for at least four hours to allow the odorous excess trimethylamine to dissipate. The
quaternized cyclized poly(1,1-diphenylethylene-alt-butadiene) (DPE/B-C(QA)) solution was then

cast in a controlled airflow oven at 80°C overnight, then collected for characterization.

4.2.8 Size Exclusion Chromatography (SEC)

The molecular weight and polydispersity of the synthesized DPE/B and PS polymers were
characterized by a size exclusion chromatography system with a refractive index detector (SEC,
Agilent). Three consecutive PLGel Mixed-C columns were used as the stationary phase, and

tetrahydrofuran (30°C) at a flow rate of 1 mL/min was used as the mobile phase.

4.2.9 'H Nuclear Magnetic Resonance (*H NMR)

The chemical composition and degree of functionalization were determined by *H NMR
spectroscopy analysis (Agilent 500MHz spectrometer). Non-quaternized polymers were
characterized at room temperature in either deuterated chloroform or deuterated tetrachloroethane

and quaternized polymers were characterized using deuterated dimethylsulfoxide.
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4.2.10 Differential Scanning Calorimetry
The glass transition temperatures of DPE/B-C and DPE/B-C-Br were characterized using
differential scanning calorimetry (DSC) technique (TA instruments, Q2000) at a ramping rate 10

°C/min.

4.2.11 lon Exchange Capacity (IEC) Measurements

IECs of membranes were determined by Mohr titration. The membranes with bromide or
chloride counterions were dried under vacuum at 80°C, weighed, and immersed in an aqueous 0.5
M NaNOs solution for 48 hours. The NaNOs solution was titrated with a 0.1 M AgNO3 aqueous

solution using K>CrOg as a colorimetric indicator.

4.2.12 Chloride Conductivity Measurements

Chloride ion conductivities (¢ in mS/cm) of QA-PS and DPE/E(QA) membranes were
measured using a four-point probe electrode method with BT-512 membrane conductivity test
system (BekkTech LLC). Measurements were conducted in a fully hydrated condition where the
cell was immersed in deionized water at 30°C, 60°C, and 80°C. The cell was equilibrated for at

least 30 minutes before the conductivity measurement.

4.2.13 Chloride Water Uptake
Water uptake (WU) was calculated as WU (%) = [(Whydrated-Wary)X100]/Wary Where Whydrated
and Wary are the weights of the patted-dry water swollen and dry membranes, respectively. The

dry membrane was prepared under dynamic vacuum at 80°C.

4.2.14 Hydroxide Counterion Exchange
While AEMs are used in applications, such as fuel cells or electrolyzers, with hydroxide

(OH") counterions, they are rarely handled in hydroxide form during testing and characterization,
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due to hydroxide readily reacting with carbon dioxide to form carbonate species, which lower the
performance of the membrane.'®® AEMs with chloride (CI") counterions avoid this issue, making
them easier to handle and characterize. However, since the OH™ form of membranes is what is used
in application, it is valuable to characterize the membranes in hydroxide form as well as chloride
form. In order to convert a membrane from chloride form to hydroxide form, the fully dried
membrane is introduced to an argon filled glove box. There it is soaked in 1.0 M NaOH for 48

hours, rinsed with distilled water, then soaked in distilled water.

4.2.15 Hydroxide Water Uptake

Water uptake of the OH" form of membranes was measured in an argon filled glovebox
after exchanging the counter ion from chloride to hydroxide. Water uptake (WU) was calculated
as WU(%) = [(Whydrated-Wary)X100]/Wary Where Whydrated and Wary are the weights of the patted-dry
water swollen and dry membranes, respectively. The dry membrane was prepared under dynamic
vacuum at 80°C. The hydrated membrane was soaked in water overnight, patted dry to remove

surface water, then weighed.

4.2.16 Hydroxide Conductivity

Hydroxide ion conductivities (¢ in mS/cm) of QA-PS and DPE/E(QA) membranes were
measured using a four-point probe electrode method with BT-512 membrane conductivity test
system (BekkTech LLC). Measurements were conducted in a fully hydrated condition where the
cell was immersed in deionized water at 30°C, 60°C, and 80°C. The cell was equilibrated for at
least 30 minutes before the conductivity measurement. Since the hydroxide counterion rapidly
reacts with carbon dioxide, replacing OH" with CO3? and HCOs, the deionized water was bubbled

with argon for an hour before adding the measurement and continued bubbling throughout.*>’ The
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membrane was moved from the argon glovebox in a sealed bag and quickly placed in the argon

bubbled water to limit CO2 exposure.

4.2.17 Mechanical Testing

Tensile stress-strain behavior of the membrane samples were obtained using a dynamic
mechanical thermal analyzer (TA Q800) equipped with a temperature and humidity-controlled
sample chamber. Membrane samples were equilibrated at 50 °C with 50% relative humidity (RH)
over 1 h before testing. Rectangular test strips (5 mm x 15 mm) were strained at a load ramp of

0.5 N/min to a maximum of 18.0 N.

4.3 Results

4.3.1 Cyclization of Poly(1,1-diphenylethylene-alt-butadiene)
Poly(1,1-diphenylethylene-alt-butadiene) (Mn = 240 kg/mol, B = 1.33 for monodisperse,
Mn = 170 kg/mol, H = 1.25 for bimodal) was synthesized via anionic polymerization described in
the Experimental Details and visualized in Figure 38. The DPE/B polymer had a DPE to butadiene
ratio of 1:1.08, and the butadiene was 88% 1,4 addition and 12% 1,2 addition, as measured by
integration of peaks in the *H NMR. The reaction was found to have been run to completion by
the lack of characteristic peaks of the 1,1-diphenylethylene monomer, with completion being the
reaction of all present DPE. The SEC trace revealed a small peak prior to the main peak which can
be attributed a negligible amount of coupling. Cyclization of the backbone was induced by the
addition of triflic acid, detailed in the experimental details. In the optimizing of the cyclization
reaction to mitigate or eliminate degradation of the polymer backbone, two different cyclized

backbone species were observed. Cyclization was measured by *H NMR and DSC.
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Figure 38. Anionic polymerization of DPE/B, followed by trflic acid catalyzed
intramolecular Friedel-Crafts cyclization, Friedel-Crafts bromoalkylation, and
quaternization.

With a monodisperse backbone, the expected cyclization product was observed. In the *H
NMR (Figure 39), cyclization was observed by the elimination of the characteristic double bond
backbone peaks in the 5.5-6.5 region, the alkyl region grew in intensity and the aromatic peaks

became much more broad, due to the formation of tetrahydronaphthyl bicyclic units4°.
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Figure 39. 'H NMR of DPE/B and DPE/B-C from monodisperse DPE/B, cyclization was
determined to have occurred by the loss of the alkene peaks (b) and the broadening of the

aromatic region (a and d) and aliphatic region (c).

Cyclization was also confirmed by DSC. The DSC showed the Tg increased to around

210°C, seen in Figure 40. The increased Tg is indicative of a more rigid backbone, which comes

from the cyclization of the backbone.
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Figure 40. DSC of DPE/B-C from monodisperse DPE/B, compared to DPE/B.

The SEC trace of the cyclized product shows a shift in the retention time of the DPE/B-C
in the SEC from DPE/B, when we do not expect a significant change in the molecular weight of
the polymer after cyclization. This shift comes from the change in the hydrodynamic volume of
the polymer backbone when it is cyclized, which dictates how long the polymer chains are retained
in the column. A change in the hydrodynamic volume alters the radius of gyration, changing the
retention time of the polymer. The SEC chromatogram also shows degradation, indicated by the
wider peak and the tail observed in the lower molecular weight region. To avoid this degradation,
further optimization was pursued. The reaction was optimized by altering the polymer
concentration, the acid concentration, and the reaction time and temperature, among other

conditions. Table 8 shows some of the conditions used.
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Figure 41. SEC chromatograms of DPE/B-C from monodisperse DPE/B, showing a shift in
the molecular weight peak due to a change in hydrodynamic volume of the polymer
backbone as well as an increase in dispersity from an increase in low molecular chains due
to degradation.
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Figure 42. Cyclization mechanism and possible degradation mechanism of DPE/B.
Reaction was optimized to get the cyclized product and avoid chain scission.
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Table 8. Some reaction conditions tested in the optimization of the cyclization of DPE/B.
Run DPE/B-028 was diluted with trifluoroacetic acid to reach a Hammett acidity function
of -11.3, detailed in section 4.2.4., and was ultimately used as the optimized procedure.

Run Temp. | Wth Eq. Reaction Starting Mn Final Mn Starting | Final
(OC) Triflic time /mol /mol b D
Acid (min) (© ) (© )
DPE/B- | 0 5 2 30 145,000 29,000 1.74 2.28
c o001
DPE/B- | 0 25 0.5 10 145,000 62,000 1.74 2.13
C 008
DPE/B- | -20 25 0.25 5 145,000 81,000 1.74 2.12
C 013
DPE/B- | -20 25 0.25 2 238,000 136,000 1.33 1.69
C 028

In pursuing the optimization of the cyclization reaction of DPE/B, a bimodal DPE/B

precursor was used. When cyclizing a bimodal DPE/B precursor, differences in the *H NMR were

observed when compared to cyclized DPE/B from a monomodal DPE/B precursor. In the aromatic

region, the peaks in DPE/B-C remained sharp, instead of broadening as expected and as seen in

the *H NMR of the DPE/B-C from the monomodal precursor. The elimination of the characteristic

double bond backbone peaks in the 5.5-6.5 region was consistent between cyclizations. The

aromatic region retained sharp peaks when bimodal DPE/B is cyclized, whereas broadening of the

aromatic region was observed for DPE/B-C from a monomodal DPE/B precursor.
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Figure 43. 'H NMR of DPE/B and DPE/B-C from bimodal DPE/B, the loss of the alkene
peaks (b) is indicative of cyclization but the expected broadening of the aromatic region (a
and d) is not observed, while there is some broadening of the aliphatic region (c).

Despite these differences in the *H NMR, the DSC shows the DPE/B-C from a bimodal
precursor still shows an elevated Tg, seen in Figure 44. The T4 of approximately 200°C is still a

large increase from that of DPE/E, approximately 100°C.
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Figure 44. DSC of DPE/B-C from bimodal DPE/B, compared to DPE/B-C from
monodisperse DPE/B-C, showing bimodal DPE/B-C has slightly lower Ty.

The SEC chromatogram of DPE/B-C from bimodal DPE/B, seen in Figure 45, shows less
degradation than that of DPE/B-C from monomodal DPE/B. It also does not show a shift in the
main peak, as expected and observed in the cyclization of monomodal DPE/B. This, combined
with the lesser increase in Tq and the differences in *H NMR, supports that a different cyclized
polymer has been made. The exact structure of this polymer is unknown; therefore, it is not used
for further AEM characterization. Deeper investigation of the exact structure of the polymer
backbone is ongoing to determine what is being made and whether if the reaction product is usable

for AEM applications.
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Figure 45. SEC chromatograms of DPE/B-C from monodisperse DPE/B, showing no shift
in molecular weight, despite expecting one due to a change in the hydrodynamic volume of
the polymer backbone.

To confirm that the differences observed in the *H NMR, DSC, and SEC traces were from
the differences in the precursors, the same reaction conditions were used to cyclize both

monodisperse and bimodal DPE/B. Using the same reaction conditions, differences in H NMR

were observed, seen in Figure 46.
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Figure 46. 'H NMR of the cyclization product of different DPE/B precursors with the same
reaction conditions, both precursors saw the disappearance of the alkene peaks (b),
monodisperse DPE/B-C gave the expected *H NMR, seen in the broadening of the aromatic
region (a and d) and in the aliphatic region (c), while bimodal DPE/B-C did not.

4.3.2 Acid Catalyzed Friedel-Crafts Bromoalkylation

The phenyl groups of DPE/B-C were functionalized via acid catalyzed Friedel-Crafts
bromoalkylation with 7-bromo-2-methyl-2-heptanol.'*” The reaction conditions are elaborated in
the experimental details. The degree of functionalization and efficiency of the reaction were
determined by *H NMR. The degree of functionalization was controlled by controlling the amount
of brominating agent that was added; the reaction proceeded at 95-99% efficiency. The efficiency
was determined by the degree of functionalization compared to the stoichiometric ratio of phenyls
and brominated agent added. The degree of functionalization was determined by the ratio of

integrations of the aromatic hydrogens and the hydrogens on the carbon adjacent to the bromide.
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The SEC chromatogram shows a significant increase in dispersity. This will ultimately need to be

addressed, but should not have a major impact on the AEM properties to be measured.

—— DPE/B-C-Br 028
—— DPE/B-C 028

Intensity (a.u.)
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Molecular Weight (kg/mol)

Figure 47. SEC chromatogram of bromofunctionalized DPE/B-C, showing an increase in
molecular weight from the alkyl chains added as well as an increase in low molecular
weight chains due to degradation.
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Figure 48. 'H NMR of DPE/B-C-Br, the arrow points to the peak from the hydrogens on
the carbon adjacent to the bromine. The degree of functionalization was determined by the
integration of this peak vs. the integration of the aromatic region.

F

SUNNSY <
/)

A e = B — 3
+

SIS < P

& -

Figure 49. Functionalization mechanism of DPE/B-C, the ability to form a tertiary
carbocation stabilized by an aromatic ring allows for easier degradation of the backbone.

4.3.3 Quaternization
After bromo-functionalization of the precursor DPE/B-C-Br, the polymers were

quaternized with trimethylammonium (TMA) in ethanol to DPE/B-C(QA). The quaternized forms
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of the polymers contain a quaternary ammonium with a positive charge, seen in Figure 50. By
dissolving the DPE/B-C-Br precursor in THF then added a stoichiometric excess of TMA in
solution, 100% quaternization was achieved. The exact conditions are detailed in the experimental
sections. As the DPE/B-C-Br converted to DPE/B-C(QA), it became less soluble in THF. More
polar and higher boiling point DMSO was added to return the mixture to a homogenous state and
the entire solution was solvent cast. The differences in boiling points of the solvents used, THF,
ethanol, and DMSO, allowed for the evaporation of the volatile solvents so the quaternized
polymer was only in the high boiling DMSO for the solvent casting. This allowed for slow casting
which allows for the aggregation of the charged moieties and formation of ion conduction portions

of the polymer.

\
\2;_
\

Br

Figure 50. Quaternization of DPE/B-C-Br.
4.3.4 Film Casting

Films were cast in conditions described in 4.2.7. Homogenous Quaternization. By using a
high temperature solvent and a controlled airflow oven, the polymer chains were able to reach an

equilibrium conformation.
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The quaternized films were characterized by measuring the IECs using Mohr titration
Measuring the IEC confirmed that the homogeneous quaternization was successful in converting
100% of the Br groups to quaternary ammonium groups. After the IECs were confirmed, the films

were ion exchanged to prepare for conductivity testing, detailed in the experimental.

4.3.5 Differential Scanning Calorimetry

Prior to the quaternization of the DPE/B-C-Br precursors, differential scanning calorimetry
(DSC) was performed to find the T4 following the procedure detailed in the experimental. DSC
was performed with the Br precursor rather than the final QA polymer because the charged group
greatly lowers the Tq and the effect of the degree of functionalization is harder to determine. The
Ty’s of the polymer series are listed in Table 9 and plotted as a function of degree of
functionalization. The unfunctionalized DPE/B-C had a T4 near 200°C, as expected. The elevated

Ty is desirable for improved membrane properties and the impetus for cyclizing DPE/B.

Table 9. Ty's of DPE/B-C-Br at various degree of functionalizations.

Polymer Degree of IEC (meq./g) Ty (°C)
Functionalization (%)

DPE/B-C 0 0 205

DPE/B-C-Br-0.75 20 1.23 171

DPE/B-C-Br-1.65 37 1.90 151

DPE/B-C-Br-2.06 42 2.06 136
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Figure 51. Glass transition temperatures (T4’s) of DPE/B-C-Br and DPE/E-Br, each
decrease with increasing degree of functionalization. DPE/B-C maintains ~100°C higher Ty
than its DPE/E counterpart.
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Figure 52. Example DSC of bromofunctionalized DPE/B-C.
4.3.6 Conductivity

lon exchange capacities IEC of DPE/B-C(QA) was measured by Mohr titration, detailed
in the experimental section, and compared with theoretical IEC from *H NMR of the brominated
precursor. The titration IEC was found to be within experimental error of the theoretical IEC. lon
conductivity (o) was measured with CI" counterions. Conductivity of the DPE/B-C(QA)-xx

generally increased as IEC and temperature increased. The results are summarized in Table 10 and

depicted in Figure 53 through Figure 55.
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Table 10. CI conductivity of DPE/B-C(QA).

Theoretical IEC

Experimental IEC

CI- Conductivity (mS/cm)

Polymer (meq./g)? (meq./g)® 30°C 60°C 80°C
DPE/B-C(QA)-1.23 1.23 1.30 1.64 2.70 5.04
DPE/B-C(QA)-2.06 2.06 2.13 12.21 30.48 37.12

3Calculated from degree of bromination, reported in OH- form. "Measured via Mohr titration in Br or CI-
form, converted and reported in OH- form.

CI' Conductivity (mS/cm)
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Figure 53. CI conductivity of DPE/B-C(QA).
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Figure 54. CI- conductivity of DPE/B-C(QA) and DPE/E(QA) at IEC~1, showing no
significant difference in conductivity.
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Figure 55. CI- conductivity of DPE/B-C(QA) and DPE/E(QA) at IEC~2, showing no
significant difference in conductivity despite an elevated Ty for DPE/B-C(QA)-2.06

The DPE/B-C(QA) polymers were just as conductive as the DPE/E(QA) polymers at their
respective IECs. This result is unsurprising, as merely increasing the polymer backbone’s glass
transition temperature does not necessitate an improved morphology. An improved glass transition
temperature can, however, make the membrane more mechanically robust. The potential for
adding mechanical strength to the membrane without sacrificing any conductivity offers a path

forward for improvement and further research.

4.3.7 Water Uptake
The water uptake (WU) for both PS(QA) and DPE/E(QA) was calculated as:

WU(%): [(Whydrated_Wdry) X 100]/Wdry
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where Whydrated and Wary are the weights of the patted-dry water swollen and dry membranes,

respectively. Dry membranes were prepared under dynamic vacuum at 80°C. Hydrated

membranes were prepared by soaking in deionized water overnight.
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Figure 56. Water uptake of DPE/B-C(QA) and DPE/E(QA) in CI- form, DPE/B-C(QA)
shows a higher water uptake than DPE/E(QA) despite having a higher Tg.
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Figure 57. Water uptake of DPE/B-C(QA), DPE/E(QA), and PS(QA) in CI- form, DPE/B-
C(QA) shows a higher water uptake than DPE/E(QA) despite having a higher T4 but still
has a significantly lower water uptake than PS(QA).

The water uptake of the DPE/B-C(QA) series did not show any improvement over that of
DPE/E(QA), seen in Figure 56. DPE/B-C(QA) did, however, avoid excessive water uptake
observed in PS(QA), seen in Figure 57. This result, combined with the similar conductivities
between DPE/E(QA) and DPE/B-C(QA) at IEC near 2.0, implies that DPE/B-C(QA) does not
experience better ion aggregation than DPE/B(QA), despite its improved glass transition

temperature.
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4.3.8 Mechanical Strength
Dynamic mechanical analysis (DMA) of high IEC DPE/B-C(QA) and DPE/E(QA) was
conducted at 50°C and 50% relative humidity (R.H.). The DMA results showed no significant

difference between the two polymers, despite the significantly higher T4 for DPE/B-C(QA)-2.06.
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Figure 58. DMA characterization of DPE/B-C(QA) and DPE/E(QA) at IEC~2.0 at 50 °C
and 50% R.H., no significant difference is observed in the mechanical properties with both
polymers being brittle.

4.4 Conclusions

We synthesized and characterized AEMs based on high glass transition temperature
DPE/B-C polymer backbones, comparing them to DPE/E based AEMs of similar ion content. Each
polymer backbone was modified via Friedel-Crafts bromoalkylation to attach bromofunctional

groups for quaternization. The DPE/B-C backbone and subsequent functionalized DPE/B-C-Br
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boasted a Tg nearly 100°C greater than that of its DPE/E counterparts. Despite this, DPE/B-C(QA)
did not show improved chloride conductivity or decreased water uptake; however, DPE/B-C(QA)
did exhibit better properties compared to PS(QA). With these improvements over PS(QA), the
potential for high conductivity, low water uptake AEMs can still be realized with DPE/B-C(QA).
The elevated T4 did not manifest itself in a significant improvement in mechanical properties,

either.

The future of this work is to incorporate the high Ty DPE/B-C(QA) into polymer systems
to improve membrane properties. This can be done by copolymerization with a rubbery polymer
that allows for a less brittle polymer system, similar to SEBS. Another route incorporating DPE/B-
C(QA) into a polymer blend AEM system with a lower T4 polymer. Either route could afford the
benefits of having a high Tq functional polymer with a rubbery polymer to impart improved overall

mechanical properties and ion conductivity.
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5. Thesis Summary

This research investigated structure-property relationships between polymer backbone,
mechanical properties, and ion transport, providing insights to the research community at large

that will help inform the design of future ion-exchange membranes.

In the first project, the backbone investigated was poly(1,1-diphenylethylene-alt-
butadiene) (DPE/B). The bulky DPE monomer cannot self-polymerize, which lends itself to the
precisely tailored synthesis of alternating copolymer backbones. The DPE/B alternating
copolymer was selectively hydrogenated to saturate the polymer backbone (DPE/E), then
functionalized via an acid-catalyzed Friedel-Crafts reaction to attach alkyl side chains containing
bromofunctional groups for subsequent quaternization. The quaternized polymer was then
compared to quaternized polystyrene of similar ion content for a baseline comparison to a well-
known and used polymer for anion exchange membranes. This work revealed DPE/E(QA) to have
extremely low water uptake without compromising conductivity, a finding that can be used in
future work with block copolymer systems to make AEMs with high ion conductivity and low
water uptake. A manuscript based on this work is in preparation to be submitted to a peer-reviewed

journal.

Additionally, the DPE/B polymer was cyclized via an acid-catalyzed Friedel-Crafts
reaction to increase the glass transition of the precursor polymer backbone. The cyclized DPE/B
(DPE/B-C) had a glass transition temperature of 205°C, up from 103°C for DPE/E. DPE/B-C(QA)
did not have higher ion conductivity, lower water uptake, and was not more mechanically robust,

despite the increase in Tq. This work revealed DPE/B-C(QA) to not have better AEM properties
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than DPE/E(QA), despite similar composition and a much higher backbone T4. A manuscript based

on this work is in preparation to be submitted to a peer-reviewed journal.
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