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mS/cm at 90°C and 95%RH), low water uptake (<25%), and good mechanical integrity under dry and hydrated
conditions, showing potential for being durable under hydration and mechanical stresses.

Complementing the destructive tensile testing, a “water stress” test was explored to measure the tension and
durability under hygral cycles. Membranes with a low (<5 MPa) and near constant water stress absorb and desorb
water reversibly. The materials that performed poorly in the water stress tests also had elongation <50% under dry
conditions and swelled with water. Membranes performing well in the water stress test also had an elongation to
break 10 times that of its in-plane water swelling (in liquid water). Ion exchange membranes need to beable to
mechanically stretch in the elastic region well above the in-plane swelling with water to withstand hygral stresses in
an electrochemical device. By identifying a relationship between the mechanical and hygral stretching to predict
durability in a working device, this thesis advanced the understanding of mechanical performance under relevant
temperature and humidity conditions, which is critical to the development of durable anion exchange membranes.



MECHANICAL CHARACTERIZATION OF ANION EXCHANGE MEMBRANES
UNDER CONTROLLED ENVIRONMENTAL CONDITIONS

by

Benjamin R. Caire



© Copyright by Benjamin R. Caire, 2015

All rights reserved



A thesis submitted to the Faculty and Board of Trustees of the Colorado School of Mines
in partial fulfillment of the requirements for the degree of Doctor of Philosophy (Chemical

Engineering).

Golden, Colorado

Date Ma;v! I, doi5

Signed: ﬂéndﬂ— ﬂ ( N

Benjamin R, Caire

Signed:
Dr. Matthew W. Liberatore
Thesis Advisor

Golden, Colorado

Date

Signed: é"&\ %&Z——————'
Dr. Colin Wolden
Professor and Head

Department ¢f Chemical and Biological Engineering

i



ABSTRACT

While proton exchange membrane (PEM) fuel cells have been the focus of development
in the past, anion exchange membranes (AEM) have the potential to dramatically lower the cost
of fuel cells by utilizing non-noble catalysts and a variety of fuel sources. Although chemical
degradation typically dominates membrane failure pathways in a fuel cell, mechanical
breakdown due to humidity cycling is a common occurrence. This thesis aims to understand the
mechanical properties of anion exchange membranes under fuel cell operating conditions. A
humidity delivery system was developed for the TA Instruments ARES-G2 rheometer to allow
for testing at a range of temperatures (30-100°C) and relative humidity conditions (0-95% RH).
A modified Sentmanat Extensional Rheometer (SER) was used to perform tensile-like testing
using less than 5% of material needed for a traditional tensile tester. These tools established
metrics for a robust membrane through mechanical characterization across temperatures and
humidities.

A pentablock AEM with a balance of stiff and elastic blocks was shown to have adequate
conductivity (up to 60 mS/cm at 90°C and 95%RH), low water uptake (<25%), and good
mechanical integrity under dry and hydrated conditions, showing potential for being durable
under hydration and mechanical stresses.

Complementing the destructive tensile testing, a “water stress” test was explored to
measure the tension and durability under hygral cycles. Membranes with a low (<5 MPa) and
near constant water stress absorb and desorb water reversibly. The materials that performed
poorly in the water stress tests also had elongation <50% under dry conditions and swelled with
water. Membranes performing well in the water stress test also had an elongation to break 10

times that of its in-plane water swelling (in liquid water). lon exchange membranes need to be



able to mechanically stretch in the elastic region well above the in-plane swelling with water to
withstand hygral stresses in an electrochemical device. By identifying a relationship between the
mechanical and hygral stretching to predict durability in a working device, this thesis advanced
the understanding of mechanical performance under relevant temperature and humidity

conditions, which is critical to the development of durable anion exchange membranes.
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CHAPTER 1
INTRODUCTION

This Ph.D. thesis contributes to a larger effort to produce revolutionary, robust, durable
thin anion exchange membranes with sufficiently high ionic conductivities for practical devices
and to fundamentally understand the interplay of chemistry, processing, and morphology on the
performance and durability of anion exchange membranes [1]. The alkaline anion-exchange
membranes must have high hydroxide conductivity and low electronic conductivity, but also be
chemically, dimensionally, and mechanically stable at elevated temperatures, under a range of
hydration conditions, and using potentially different fuels. This thesis focused on developing the
tools necessary to make mechanical measurements under fuel cell operating conditions and
provided insight on interplay of mechanical properties with other functional properties of ion
exchange membranes.
1.1 Alkaline Exchange Membranes and Fuel Cells

Despite the large amount of resources devoted to developing fuel cells over the past
century, very little market penetration has been achieved. Proton exchange membrane fuel cells
(PEMFC) have struggled primarily due to high cost, driven by the use of precious metals such as
platinum for the catalyst. Proton exchange membrane (PEM) fuel cells operate in an acidic
environment such that platinum is the only catalyst that leads to significant power densities [2].
Given the high cost of platinum, a significant amount of research has been devoted to reducing
the amount needed in a fuel cell stack [3]. However, the aim of this research is to focus on

developing a membrane that operates in an alkaline environment.
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Figure 1.1 A schematic of (a) a proton-exchange membrane and (b) an alkaline-exchange
membrane fuel cell both fueled either with H2 gas or directly with methanol. The stoichiometric
ratio of reactants and products are shown in each case [4].

An alkaline anion-exchange membrane fuel cell has many advantages over a proton-
exchange membrane fuel cell and several challenges to overcome. Proton exchange membrane
fuel cells degrade because the oxygen reduction reaction in incomplete and the oxygenated
radicals oxidize the system components. Since peroxides are less stable in base the use of
expensive oxidatively stable components is less important. However, hydroxide is corrosive to
anything polar so care has to be taken to use the correct system components. An alkali
environment can support the use of non-precious metals such as silver, nickel, or copper as
catalysts, thus greatly reducing the cost of the fuel cell [5-7]. An AEM fuel cell has increased
electro-oxidation kinetics and easier water management [8]. However, current alkaline anion-
exchange membranes have several drawbacks. Membrane stability in an alkaline environment,
especially at elevated temperatures, has been poor as the cation site, typically an ammonium

group, is ripe for nucleophilic attack by hydroxyl or Hoffman elimination in the presences of -
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hydrogens [9]. Additionally, the hydroxide ion is rapidly exchanged to carbonate and bicarbonate
when carbon dioxide is present.

Membranes in the (bi)carbonate form yield lower conductivity than in the hydroxide form
[10,11]. It is thought that a higher operating temperature produces less (bi)carbonate, however
the ionic site on the polymer is more susceptible to attack at higher temperatures.

The operating temperature of a proton exchange membrane fuel cell is 90°C or less as the
membrane needs to stay hydrated to effectively transport ions [12]. The alkaline exchange
membranes in development are expected to operate at similar temperatures and will also need to
be hydrated.

The alkaline exchange membranes on the market today are generally used in
electrodialysis applications. FUMA-Tech GmbH of Germany has several anion exchange
membranes and is actively developing membranes for alkaline fuel cells. The Tokuyama
Corporation of Japan is the leader in AEM development for fuel cells and their membranes have
been cited as the benchmark AEM or used in fuel cell performance testing in several publications
[10,13-15]. The lack of commercial success of these membranes is a driving force behind this
research effort.

Given the dearth of commercial membranes, recent research activity focuses on
developing a stable, highly conductive, robust anion exchange membrane for a fuel cell. Several
reviews have been published on the developments [4,16-18].

1.2 Extensional Rheology of Polymers

As early as the 1970s [19], the effects of stretching polymer films has been observed, but

only recently have the tools been developed to quantify what happens to a polymer as it is

stretched.
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The Sentmanat Extensional Rheometer (SER) was introduced in 2004 [20] and has since
been the standard bearer for extensional viscosity measurements. The more highly cited articles
of the work with the SER has focused on characterizing polyethylene melts [21-23]. Other
polymers studied include polybutene [24] (with TA Instrument’s Extensional Viscosity Fixture,
EVF) and a well-entangled monodisperse styrene-butadiene random-copolymer [25].

The paper that most closely resembles our experimental plan is by Sambaer, et. al. [26]
The researchers electrospin polyurethane in dimethylformamide (DMF) on differing supporting
textiles and test the mechanical properties. Even though their films were only 10 microns, the
SER fixture was used by applying double stick tape to the drums (Figure 1.2). Successful
measurements of Young’s Modulus, Maximum Stress and Maximum Strain (Figure 1.3) were
recorded, and it was shown that the supports made with melt blown polypropylene with and
without the polyethylene foil had a higher maximum stress than the supports made with aramid
and stainless steel. The authors conclude that supporting textile has a large impact on mechanical

properties due to the difference in porosity of the prepared samples.

Two side Nanofiber PET Streched

Drums tape textile support D sample
] L
[ o |
i

a b c
Figure 1.2 Visualized methodology for the tensile testing of the nanofiber nonwoven by using

Sentmanat extensional rheometer. a) SER unit, b) SER with double-sided adhesive tape, c)
Nanofiber web deposition on the SER unit, d) Sample stretching, e) Sample at break.
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Figure 1.3 Summarized tensile strength characteristics for all investigated nonwoven samples.

The authors note: “With respect to mechanical testing by using SER, it should be
mentioned that the main advantage of this ‘rheology based’ methodology is the possibility to
measure very fine structures with low experimental error due to the utilization of very sensitive
torque/normal force transducers, which are normally present on standard rotational rheometers
for polymer melt rheology evaluation. Moreover, the measurements can be done at different
extensional strain rates and temperatures by using the conventional rheometer oven, which is
difficult or impossible to do by using standard methodologies.”

1.3 Mechanical Properties of lon Exchange Membranes

While chemical degradation remains a significant issue for membrane stability,
mechanical stability is an integral factor in fuel cell lifetime [27]. The polymer needs to be
processed into thin, durable membranes and withstand the stresses inside a fuel cell at operating
conditions. Young’s modulus and yield strength have been used to quantify membrane
degradation in a fuel cell at 80°C [28]. Microcracks are a common mechanical failure in fuel cell
membranes, and elongation at break correlates well with microcrack resistance [29]. In an effort
to improve mechanical properties reinforcement with ePFTE has been shown to increase the fuel

cell lifetime by an order of magnitude [30].
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Huang, et. al., demonstrated that humidity cycles correlate well with a reduction in the
strain at failure even though the yield stress and yield strain remained largely unchanged. Also
demonstrated was a decreased in elastic modulus as humidity increased [31].

Most of the available literature on mechanical properties of ion conducting polymer
membranes is limited to stress-strain curves in various states of hydration [32—35]. The typical
trend shows a decrease in tensile strength and Young’s modulus as the polymer absorbs water.
The elongation at break increases due to plastic effect of the absorbed water [33]. Also noted by
Marestin, et. al is that “Despite the fact that mechanical properties are now often determined for
new ionomers, a complete study of the mechanical properties is still necessary including the
combined effect of water content and temperature” [32].

The literature has several examples of how mechanical properties of films are related to
conductivity. Pan, et. al. show how the Young’s modulus decreases with increasing ion exchange
capacity (IEC) in alkaline exchange quaternary ammonia polysulfone membrane, “a trend that
being almost the mirror of the membrane dimension-IEC curve” [36]. Wu, et. al. created
poly(vinyl alcohol) (PVA) and poly(acrylic acid) (PAA) blends and found that a 10:5 PVA:PAA
ratio “offers a good balance between enhanced ionic conductivity and acceptable mechanical
strength for solid polymer electrolyte applications” [37].

The hydration/dehydration cycles the membranes undergo in a fuel cell are a primary
concern for membrane mechanical failure. Tang, et. al. demonstrated that the fatigue strength of
the cyclic stress of Nafion NR111 is only 1/10 of the tensile strength of the membrane. They
concluded that “the shrinkage stress generated by the water-uptake is responsible for the

mechanical decay of the Nafion PEMs” [38].
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1.4 Environmental Control in other instrumentation

There are many other scientific questions that need the ability to control the test
environment. Conductivity of fuel cell membranes in air is done in a humidity oven that can hold
many samples at once. Test Equity makes several models of ovens that can control a wide range
of temperature and humidity conditions. TA Instruments offers a Dynamic Mechanical Analyzer
that can control temperature and humidity across a wide range (Figure 1.4). The range of interest
for this thesis is more similar to an environmental chamber built by Majsztrik for tensile creep
experiments that has a temperature range of 20-250°C and full 0-100% relative humidity control
[39]. These systems are all closed, thus enabling the highest relative humidity conditions to be

achieved with back pressure.
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The humidity is maintained with a wet gas/dry gas mixture and has a dual humidity and
temperature sensor for feedback control. Systems controlled in this manner are the most effective
technology for environmental control, and the system built for the ARES is similar [40].

1.5 Small Angle X-Ray Scattering (SAXS)

Small angle x-ray scattering was developed in the 1920s as a way to study natural fibers
and colloidal coal [41]. The phenomenon of small angle scattering was recognized as originating
from the colloidal structure of the coal dust and cellulose fibers. By the late 1960s, an ideal
lamellae model had been developed by VVonk and Kortleve [42] which allowed for detailed study
of solid polymer systems. Since SAXS allows for studies of structure on the order of 1.5 to 150
A, it can lead to powerful insights into polymer structure. The x-rays interact with the electron
cloud of atoms revealing structure in the resulting scattering pattern. The scattering vector, q,

yields information on the structure and is related to the small angle of the x-ray, #, and the x-

(1.1)
4-7T- sin[ej
2

Since synchrotron sources have a high flux, the scattering from air can be neglected and

ray’s wavelength, A (1.1).

environmentally controlled experiments can be undertaken. The Advanced Photon Source at
Argonne National Lab in Argonne, IL has a synchrotron that was used for experiments related to
this thesis.

Scattering experiments have been used to show how domains in proton exchange
membranes swell with water uptake [43]. In the Herring group, SAXS experiments have been

performed using a custom-built, four-sample oven that allows for temperature and humidity
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control [11,43-54]. The humidity is controlled by a wet gas / dry gas mixture and a manual
adjustment to achieve the desired humidity as measurement by a Vaisala HMT 337 probe.
Stationary measurements of structure with humidity changes can be compared to changes in
structure seen from straining the film.

Polymers can undergo a phase transition through a shear force rather than a typical
thermal transition. Liu, et. al. recently demonstrated how a polybutene-1 system’s percent
crystallinity changed under tensile stress at isothermal conditions [55]. Using a homemade
extensional rheometer, Tian, et. al. found extensional flow induced crystallization of
poly(ethylene oxide) [56]. This extensional force system is similar to the experiments performed
in this thesis to investigate morphology change with strain.

Mao, et. al. [57] investigated the structural evolution of a propylene-1-butylene random
copolymer subjected to uniaxial tensile deformation. The majority of their quantitative work was
done with the wide angle x-ray scattering. An Instron machine was used to apply the uniaxial
stretching.

Kamal, et. al. [58] used a Linkam TST-350 tensile tester to uniaxially stretch a poly (e-
caprolactone) sample in situ with SAXS and WAXS at room temperature conditions. They
identified three zones of crystallinity from the stress-strain curve and verified with the scattering
patterns. The x-ray data fit nicely to tell a story of how the structure evolved with increasing
strain. The intensity was taken at some angle from center and was usually the max intensity point
along that line. They define a parameter denoting the distance between lamellae structures and
show how the length doubles with extension.

Polizzi, et. al. [59] investigated the scattering behavior of styrene-butadiene-styrene block

copolymers during stretching in the early 1990s. They saw a scattering pattern that formed
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elliptical patterns aligned perpendicular to the stretching direction. From this, they concluded
that the polystyrene cylinders at rest were arranged in a close-packed structure and were affine
up to a draw ratio of about 3. After this critical extension, the polystyrene cylinders moved such
that their axes were perfectly oriented along lines parallel to the stretching direction. This
transition region correlated with the inflection point in the stress-strain curve.

Stribeck, et. al. investigated blends of polyethylene and polystyrene-polybutadiene star
block copolymers and observed a novel kind of deviation from Porod’s law.
1.6 Thesis Statement

While others have performed basic mechanical testing of ion exchange membranes, |
believe tensile testing under controlled temperature and relative humidity conditions will provide
a better frame of reference for comparison between polymer chemistries. | believe a set of
quantifiable set of metrics can be established based on these tensile tests and hygral cycling of
the membrane. I believe a relationship between the Young’s modulus, elongation, and water

uptake can be used to predict membrane durability in a working electrochemical device.
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CHAPTER 2
EXPERIMENTAL METHODS

2.1 Rheometry

Rheological measurements were done on an ARES-G2 rheometer (TA Instruments) using
a modified Sentmanat Extensional Rheometer (SER) [40]. Details on the SER fixture are
available elsewhere [20]. Samples were cut into rectangles measuring between 2-4 mm and about
20 mm long. Thicknesses ranged from 30-100 microns. Tests were run at various temperature
and relative humidity conditions using the custom oven described in Chapter 3. Extensional rates
were based on testing conditions modified from ASTM D882, Tensile Properties of Thin Plastic
Sheeting [60]. According to the standard, the speed of the testing and the grip separation are
dependent on the percent elongation at break. The speed of the testing is calculated from the
initial strain rate multiplied by the initial grip separation. With the SER drums, the speed of the
drum rotation can be altered, but the separation distance between the drums is fixed. Using the
same formula as the ASTM standard and a fixed grip separation of 12.7 mm (distance between
the center point of the two SER drums), a rate of grip separation can be calculated. This grip
separation rate is then converted to an engineering strain rate using the geometry of the drums,
yielding an engineering strain rate of 0.33 s™ for materials whose elongation to break was greater
than 100%. For elongation less than 20%, the rate used was 0.0033 s, and for elongation
between 20% and 100%, the rate of 0.0167 s was used. At least five replicates were averaged
for the final data. Error bars are one standard deviation.

Extensional tests on the SER measure stress as a function of engineering strain (Figure
2.1). To compare SER data with typical tensile measurements, an Engineering Stress was

calculated using the fixed starting area of the sample. (Extensional Stress is the property that
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factors in the exponential decrease in sample area.) The stress at break and Young’s modulus
were calculated from the Engineering Stress. Young’s modulus was taken as the slope at low
strains in the linear, elastic region. The stress at break was taken as the stress at the break point.
Elongation is calculated by multiplying the final engineering strain by 100. A yield stress could
be determined from the stress-strain curves, but it is not investigated in this work. At least five

tests were run for each sample.
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Figure 2.1 Example of a typical stress-strain curve from the modified SER tool. The three main
properties (Stress at break, Young's modulus, and Elongation) are depicted.

2.2 Conductivity

lonic conductivity was measured by electrochemical impedance spectroscopy using a
four-electrode in-plane conductivity cell. Impedance spectra were obtained over a frequency
range of 0.3 to 10° Hz using a multi-channel potentiostat (BioLogic VMP3). A TestEquity
sample chamber controlled temperature and humidity during data acquisition. Membrane
resistance was defined as the low frequency intercept of the Nyquist impedance plot and

conductivity, o, was calculated using the film dimensions where R is the membrane resistance, |
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is the length between electrodes, and t and w are the thickness and width of the membrane

sample, respectively (2.1).

o = ; (2.1)
R-t-w
Reported conductivity data are the average of at least three separate membrane samples and
multiple impedance spectra at each steady-state temperature; error bars are one standard
deviation.
2.3 Water uptake
Water uptake (WU) was characterized using a dynamic vapor sorption apparatus (SMS
DVS Advantage 1, Allentown, PA). A membrane sample, about 4 mm?, was placed on a glass

weigh plate and the change in mass was measured gravimetrically under different humidity

conditions. The WU of the membrane was calculated based on equation (2.2).

m
WU = Y «100 (2.2)

where mygry is the mass of the sample at the given relative humidity and mqyy is the mass of the
dry sample. The mass of the dry membrane was taken as the measured mass at the end of the
initial 4-h drying period. Given the WU at saturated conditions and the known ion exchange
capacity (IEC) of the membrane, the hydration level, A, which is the number of waters per cation
functional group, can be calculated using equation (2.3). The molecular weight of water

(m(H20)) is needed to complete the equation.

WU
m(H,0)- IEC

(2.3)
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2.4 Small angle x-ray scattering

Small angle X-ray scattering experiments were performed at the X-ray Sciences Division,
beamline 12-1D-B, at the Advanced Photon Source at Argonne National Laboratory.
Measurements were taken in a transmission geometry using a Pilatus 2M SAXS detector at a
beam energy of about 14 keV (A = 0.89 A) and a sample-to-detector distance of about 2500 mm.
A Sentmanat Extensional Rheometer (SER) (Xpansion Instruments) was used to apply a
bidirectional strain on the films. The SER drums were modified to handle solid polymer films
below their melting temperature [40]. The SER tool was powered by a stepper motor and was
housed in a custom built oven with forced convection heating. The oven allowed for the x-ray
beam to travel between the counter-rotating drums [61,62]. The exposure time was generally 1 s
and the shots were taken either 3 or 5 seconds apart. The engineering strain rate used was 0.01 s
as this was the slowest rate the stepper motor could handle and still render a smooth rotation. The
slow rate allow for the most x-ray shots while the film was undergoing extension.

In order to quantify the changes in the polymer structure with strain, the movement of
peaks in defined wedges was tracked. Using the Nika macro [63] in Igor to handle the 2D SAXS
image, a wedge was defined as +2° around 90° and 180° (0° being the right horizontal line) after
applying the beam mask and subtracting the background. The intensity as a function of the
scattering vector g was averaged within the wedge. Using the Irena macro [64], the 1D I(q) plots
were used to track the movement of peaks as strain increased.

Solutions were also run at the X-ray Sciences Division, beamline 12-ID-B, at the
Advanced Photon Source at Argonne National Laboratory. Measurements were taken in a

transmission geometry using a Pilatus 2M SAXS detector at a beam energy of 14 keV (A = 0.89
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A) and a sample-to-detector distance of 2029 mm. The solutions were placed in a 2 mm diameter
quartz capillary tube.
2.5 Water stress

The water stress measurement is a new method of characterizing the mechanical response
of ion exchange membranes under cyclic hydration conditions. The membrane was loaded on the
film/fiber tool on the TA Instruments ARES-G2 rheometer. Once the membrane was loaded, it
sat for an hour at 80°C and 90%RH in order to reach a steady-state mass uptake. The membrane
was then stretched to put a small tension while keeping the film in the elastic region without
going to plastic deformation. This region was defined by the tensile testing data at 60°C, 90%RH.
Using the environmentally controlled oven, the membrane was subjected to alternating cycles of
95%RH and 0%RH at 80°C. The cycle time varied. Short cycle times of 10 minutes were used to
mimic accelerated testing protocols used by industry sources, while 60 minute cycles were done
to allow the membrane to reach steady-state water absorption and desorption for each cycle.
Samples were ~3 mm wide and the initial gap was set to 10 mm. At least two replicates were
done for each reported measurement. The water stress was calculated by subtracting the
difference in measured stress from the wet cycle to the dry cycle. As the membrane dried out, the
film contracted and this contraction forced was measured by the rheometer’s axial force
transducer. Once the humid atmosphere was reintroduced, the film absorbed water and relaxed,

thus decreasing the axial force.

28



CHAPTER 3
MECHANICAL TESTING OF SMALL, THIN SAMPLES IN A
HUMIDITY- CONTROLLED OVEN
This chapter is modified from a paper published in
Rheologica Acta®
Benjamin R. Caire?, Melissa A. Vandiver®, and Matthew W. Liberatore*

3.1 Abstract

A new fixture for the mechanical characterization of thin polymer films under controlled
temperature and relative humidity conditions is reported. Novel conducting polymers are often
synthesized in small quantities and processed into films on the order of 10-100 microns thick.
Standard tensile tests does not allow for adequate testing of these small sample sizes. Hence, a
modification of the Sentmanat Extensional Rheometer (SER) to perform tensile testing on thin
membranes is presented. Since the standard L-shaped pins do not secure thin polymer films at
lower temperatures (i.e., below the melting point), screw down clamps were created to allow for
mechanical characterization of solid polymer films. The new testing apparatus allows for
mechanical characterization with as little as 2% of the material needed for testing on a traditional
tensile tester. In a parallel effort, a humidity delivery system developed for the TA Instruments
ARES-G2 rheometer allows for testing at a range of temperatures (30-100°C) and relative
humidity conditions (0-95% RH). The novel oven was benchmarked with low density

polyethylene and Nafion 115®. While the new experiment was built for characterization of ion

! Reprinted with permission of the Rheologica Acta, (2015), 54, 253-261
? Primary author and researcher

? Co-author, Ph.D. Candidate

* Author for correspondence, advisor

29



exchange membranes for fuel cells, the oven is capable of characterizing any environmentally
sensitive material using all standard rheometer geometries.
3.2 Introduction

The mechanical properties of numerous materials are affected by a change in either
temperature or relative humidity. Consumer products, such as clothing [65-68], food packaging
[69-71], elastomers/sealants [72,73], and chewing gum [74], exhibit large effects due to changes
in temperature, hydration, pressure, or other environmental conditions. lon exchange membranes,
particularly polymer membranes used in fuel cells [27] are another class of environmentally
sensitive materials. The performance of these membranes is greatly impacted by their hydration
level and operating temperature. Specifically, understanding how temperature and humidity alter
the mechanical properties of ion exchange membranes is critical to optimal fuel cell performance.

The three most commonly reported mechanical properties are Young’s modulus, tensile
strength, and elongation to break [75]. These properties are determined from a stress-strain curve
obtained by pulling the sample at a known rate and measuring the resulting resistance force until
the specimen breaks. The testing rate and specimen size are determined based on the material
and the testing station; the ASTM has published guidelines for appropriate testing procedures.
The Young’s modulus, a measure of the stiffness or elasticity of a material, is the slope at low
strain. The break point defines the elongation and tensile strength. Changes in the mechanical
properties of polymers will be explored here and can range from elastic and rubbery (e.g.,
polybutadiene) to stiff and brittle (e.g., polystryrene, polycarbonate).

Mechanical testing of thin polymer films is covered by ASTM spec D882, Standard Test
Method for Tensile Properties of Thin Plastic Sheeting [60]. The specimens are cut into

rectangular shapes instead of the dog-bone shape traditionally used in tensile testing. The
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guidelines for strain rate account for the elongation of the material being tested, with faster rates
given for materials with a large elongation to break. Since the D882 standard is used for plastic
sheeting and films less than 1 mm thick, it is used a basis for the test protocol developed in this
work.

Since the introduction of Xpansion Instruments’ Sentmanat Extensional Rheometer
(SER) [20] in 2004, it has been the standard method for extensional viscosity measurements.
Highly cited articles using the SER have focused on characterizing polyethylene melts [21-23].
Other polymers studied include polybutene [24] (with TA Instrument’s Extensional Viscosity
Fixture) and a well-entangled monodisperse styrene-butadiene random-copolymer [25]. While
the SER tool is excellent at characterizing polymers in their melt state, few examples study solid
polymer films [20]. The mechanical properties of electrospun polyurethane from a
dimethylformamide (DMF) solution onto differing supporting textiles were investigated using
the SER [26]. Even though their films were only 10 microns thick and in the solid state, the SER
fixture was used by applying double stick tape to the drums. Successful measurements of
Young’s Modulus, Maximum Stress and Maximum Strain were recorded. The authors note:
“With respect to mechanical testing by using SER, it should be mentioned that the main
advantage of this ‘rheology based” methodology is the possibility to measure very fine structures
with low experimental error due to the utilization of very sensitive torque/normal force
transducers, which are normally present on standard rotational rheometers for polymer melt
rheology evaluation. Moreover, the measurements can be done at different extensional strain
rates and temperatures by using the conventional rheometer oven, which is difficult or

impossible to do by using standard methodologies.”
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Environmentally controlled ovens are used in many other mechanical characterization
techniques. A commercial DMA with relative humidity control is sold by TA Instruments.
Majsztrik, et. al., built an oven to perform tensile creep experiments [39], and White, et. al., built
an oven to perform accelerated stress testing on building sealants, which included UV exposure
in conjunction with temperature and relative humidity control [73]. The most common way to
control relative humidity is with a wet gas/dry gas mixture.

This work showcases a new way to test thin polymer films below their melting
temperature on the SER tool as well as a custom-built oven to control the environment. The oven
is capable of a range of temperatures and can control steady-state humidity conditions from dry
up to 95% as well as transient temperature and relative humidity ramps. The system is verified
using a non-water absorbent material, polyethylene, and a water absorbent material, Nafion®
115. While a few measurements from this device were featured in a previous publication on
anion exchange membranes [76], the complete description and validation of the system is
reported here.

3.3 Experimental

3.3.1 Modification of SER fixture

The SER fixture was designed primarily to test the extensional viscosity of thick polymer
samples at or near their melting temperature; however, our goals are to test thin polymer films at
temperatures below the melting point. The standard L-shaped pins did not hold our thinner
samples to perform the desired tensile test at temperatures well below the polymer melting
temperature. Several attachment mechanisms were attempted to enable testing of polymer films
less than 100 microns thick. Double stick tape, glue, and magnets were not able to hold the films

in place consistently (or provide statistically reproducible data). Since most tensile testers use
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screw down clamps to hold the samples in place, new drums were machined with screw down
clamps (Figure 3.1). A silicone rubber pad was added to the underside of the clamps to soften the
grip on the sample. One of the main advantages of using the SER tool as a tensile-like tester is
the reduced amount of material needed for characterization. According to ASTM D882, a
specimen with greater than 100% elongation will need to be at least 100 mm long and could be
as wide as 25.4 mm for a sample area of 2540 mm?. The SER tool can handle a sample as small
as 20 mm long and 3 mm wide for a sample area of only 60 mm? (i.e., <2.5% of the material of a
traditional tensile test).

The SER tool is a bidirectional tester with a fixed length between the grips and requires
the sample be elastic enough to wrap around the drums, which differs from a typical tensile tester
that operates unidirectionally and has a fixed volume for testing. Using the SER tool on a
rheometer has the advantages of faster testing speeds and a more sensitive transducer for the

characterization of a wide range of materials.

Figure 3.1 Modified SER fixture with screw down clamps and rbber pads
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3.3.2 Humidity delivery system

In order to control humidity, dry and wet air streams were mixed and delivered to the
oven. Building air was supplied at 80-100 psig, dry (<5%RH), and unfiltered. A filter/regulator
combination cleaned and controlled the base air supply to 50 psig. The clean air was
subsequently split into two separate mass flow controllers (MKS 1179A, 10,000 SCCM max
flow rate), for a wet and dry gas supply. A bypass line on the dry gas side with a manual ball
valve allows for purging. The wet gas exits the mass flow controller and enters a high flow
humidity bottle (Fuel Cell Technologies, Inc.) containing 10 m of Nafion® tubing. The humidity
bottle is designed to produce an exiting gas stream that is completely saturated. The bottle can be
heated such that higher dew points can be achieved. The bottle is the same as ones in use on
similar setups [43,44], but is bigger due to the larger oven volume needed for rheology testing.
The larger bottle with more Nafion® tubing allows for the longer residence time needed for high
relative humidity conditions at elevated temperatures. Tubing between the humidity bottle and
oven was heated and insulated to prevent condensation in the lines. The wet and dry gas lines
merge at a tee junction and enter a static mixer (Koflow, 12 elements). Finally, a flexible heated
line connected the mixer to the custom built oven. The flexible heated line allows for the oven to
be moved out of the way for sample loading. The oven is mounted on a swinging arm attached to
the existing support bar on the rheometer (Figure 3.2).

The custom built oven was designed for temperature control via electrical heaters
independent from the humidity control via a wet gas/dry gas mixture. The clam-shell design
features four cartridge heaters (Omega 500W, 128 W/in?) wired in parallel to act as a single

heater placed in the outer shell of the oven. Ports were placed on the oven to allow for a camera,

34



gas inlet, dew point sensor, thermocouple and light (Figure 3.3). Insulation was wrapped around

the oven to minimize heat loss and for safer operation.

Figure 3.2 Custom oven (a) attached to rheometer (b) with a swinging arm (c) and gas delivered
through heated flex tubing (d)

.—T if - e

Figure 3.3 Picture of the inside o the oven: a) thermocouple, b) light, c) dewpoint sensor, d)
camera, e) gas inlets
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The temperature of the lines and oven are controlled via a thermocouple feedback loop
(Watlow EZ-ZONE PMS6). A Vaisala HMT337 dew point sensor was installed in the oven for
relative humidity measurement. All the system inputs were brought into LabView for control of
the entire system via two PID feedback loops; relative humidity is controlled by adjusting the
wet gas flow and the temperature is controlled by electrical heaters.

A previous attempt to control temperature and humidity in the rheometer’s Forced
Convection Oven provided a limited range of conditions. This system attempted to control both
temperature and humidity with the incoming gas stream. Hot, humid air delivery was able to
generate some humidity conditions up to 60 °C, although simultaneous temperature and humidity

control was difficult.

3.3.3 Materials

A low density/linear low density polyethylene (LDPE/LLDPE) film was obtained from a
local custom blown film manufacturing plant (ExxonMobil Exceed 1018). The thickness of the
film was 36 microns and all tests were completed in the machine direction. Nafion® 115
(DuPont) was obtained from lon Power, Inc. The film was prepared via the standard method [77]
of boiling in 0.5M sulfuric acid for an hour, deionized water for an hour, 3 wt% hydrogen
peroxide for an hour, and finally deionized water again for an hour. The membrane was then

placed in an oven at 80°C for over 12 hours.

3.3.4 Testing procedure

To benchmark the new testing apparatus, the LDPE/LLDPE and Nafion® N115 were
tested. The polyethylene was tested in the dry and wet environments to find any effects the
humidification system has on mechanical testing. Humidity induced changes in the mechanical

properties of Nafion are well studied and will be compared to in this work.
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The mechanical testing was performed using the SER attached to an ARES-G2
Rheometer (TA Instruments) using testing conditions modified from ASTM D882, Tensile
Properties of Thin Plastic Sheeting [60]. According to the standard, the speed of the testing and
the grip separation are dependent on the percent elongation at break. The speed of the testing is
calculated from the initial strain rate multiplied by the initial grip separation. With the SER
drums, the speed of the drum rotation can be altered, but the separation distance between the
drums is fixed. Using the same formula as the ASTM standard and a fixed grip separation of
12.7 mm (distance between the center point of the two SER drums), a rate of grip separation can
be calculated. This grip separation rate is then converted to an engineering strain rate using the
geometry of the drums, yielding an engineering strain rate of 0.33 s for materials whose
elongation to break was greater than 100%.

Extensional tests on the SER measure stress as a function of engineering strain (Figure
3.4). To compare SER data with typical tensile measurements, an Engineering Stress was
calculated using the fixed starting area of the sample. (Extensional Stress is the property that
factors in the exponential decrease in sample area.) The stress at break and Young’s modulus
were calculated from the Engineering Stress. Young’s modulus was taken as the slope at low
strains in the linear, elastic region. The stress at break was taken as the stress at the break point.
Elongation is calculated by multiplying the final engineering strain by 100. A yield stress could
be determined from the stress-strain curves, but it is not investigated in this work. At least five
tests were run for each sample. The samples were about 20 mm in length and between 2-4 mm in
width. The thickness varied from 20-140 microns. The mass of one sample was on the order of 5

mg.
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The humidified tests with Nafion® were allowed a soak time of 15 minutes before testing

began, which is similar to soak times found elsewhere [78-80].
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Figure 3.4 Typical stress-strain curve with the Stress at break, Elongation, and Young's modulus
shown.

3.4 Results and Discussion

3.4.1 Environmentally controlled oven

The new oven is capable of generating a wide range of temperature and relative humidity
conditions needed for mechanical characterization of anion exchange membranes (Figure 3.5).
Although not shown, temperatures up to 150°C are possible in the new oven. Conditions
available include steady-state relative humidity and temperature (Figure 3.6), ramps of relative
humidity at constant temperature (Figure 3.7), and ramps of temperature at constant relative
humidity (Figure 3.8). Ramps of temperature or relative humidity can be combined with dynamic
mechanical analysis testing to probe other properties, such as the glass transition temperature

(Tg) of polymers.
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3.4.2 Tensile-like testing on the SER

To quantify the effects of the relative humidity on SER extensional measurements,
LDPE/LLDPE was tested at dry, 50%RH, and 90%RH conditions. The samples were ~3 mm
wide and 36 microns thick. Polyethylene should have negligible response to water as it is a
hydrophobic polymer. This hypothesis was confirmed as relative humidity did not have
significant effects on the mechanical properties at 30°C or 60°C (Figure 3.9). For example, the
stress at break at 30°C (~35 MPa) and the Young’s modulus at 60°C (~73 MPa) are statistically
the same across all humidity conditions.

As an example of a polymer that has a mechanical response to water content, Nafion ®
115 was also tested. The specimens were ~3 mm wide and 125 microns thick. Mechanical
properties measured at three different conditions were similar to information on the DuPont™
data sheet [81] (Figure 3.10). We were able to match the room temperature condition, but the
23°C, water soaked and 100°C, water soaked conditions reported by DuPont were compared
with data taken at 30°C, 90%RH and 90°C, 80%RH, respectively. The tensile strength reported
here was 12-15% less than what DuPont reports for the 23°C condition and 36% less for the
100°C condition. Water soaked properties are generally taken by removing the sample from
water, blotting the sample dry, and then testing immediately, although DuPont does not state this
explicitly in their data sheet. A water soaked membrane will have a higher water content than
one in a saturated gas environment at the same temperature. The hydration difference most likely
explains the difference as excess water lowers strength. The differences in morphology and other

properties in membranes were explored in water soaked versus saturated vapor. [82,83]
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Nafion® 115 samples were also tested at a low (30°C), medium (60°C), and high (90°C)
temperature in dry (10%RH) and wet (90%RH) conditions (Figure 3.12). Intermediate relative
humidity conditions of 25%RH, 50%RH, and 75%RH were also tested at 60°C (Figure 3.13). It
is well known that water plasticizes Nafion® and our work confirms this effect. Young’s
modulus and tensile strength decrease with increased humidity (Figure 3.11). Temperature has a

greater effect on Young’s modulus than stress at break and elongation.
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Figure 3.11 Stress-strain curve at 60°C of Nafion® 115 in both dry and wet conditions
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The intermediate humidity data at 60°C shows the gradual transition of all the properties
as the water content increases. The strength and elasticity was maintained until the relative
humidity was 75% or greater while the elongation drops off at only 50%RH (Figure 3.13).

These results compare favorably with other work done on the mechanical properties of
Nafion®. The modulus data reported here at all conditions is within the error of data reported by
Tang, et. al., [84] on a thinner version of Nafion® (112), and qualitatively matches the trends in
tensile strength and elongation. The 90°C elastic modulus data at dry conditions reported here
(~110 MPa) match work done by Jalani, et. al. [85] The Young’s modulus at 60°C and 90%RH
reported here (~75 MPa) is similar to work done by Satterfield et. al., [86,87] who used an
Instron tensile tester and controlled humidity by equilibrating over saturated salt solutions. We
report the elongation at room temperature conditions to be about 200%, which matches several
literature sources [88-90]. Overall, an increase in elasticity with increasing temperature and
relative humidity is reported consistently in the literature as well [84,86,91,92]. The effect of
water and temperature on the mechanical properties of Nafion® is still a widely studied topic
[93-95].

3.5 Conclusion

We have developed tools to perform tensile-like testing of small, thin (10-100 micron)
polymer films at controlled temperature and relative humidity conditions. The modified SER
fixture is shown to be an adequate replacement for tradition tensile testers to evaluate small
quantities of thin polymer films. The environmental chamber is robust and can handle steady-
state as we well as transient conditions. In a steady-state test at 60°C and 50%RH, the
temperature control is £1.5°C of set point and the humidity is +0.6% of set point. The humid

environment does not affect the SER tool’s measurement as evidenced by insignificant variation
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in data obtained at dry and wet conditions on the hydrophobic polymer polyethylene. Tensile
strength of Nafion® 115 at room conditions was measured within about 10% of specification
values. Properties obtained at elevated temperature and relative humidity conditions were
consistent with several literature sources. While our future work will focus on anion exchange
membranes, other materials, such as clothing, food packaging, elastomers, chewing gum, and
electronics, will exhibit differences in mechanical properties with humidity, and these tools can
facilitate the engineering of improved products.
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CHAPTER 4
TRANSPORT AND MECHANICAL PROPERTIES OF A
PENTABLOCK ANION EXCHANGE MEMBRANE

4.1 Abstract

Anion exchange membranes (AEMs) are a promising class of materials for use in fuel
cells, barrier layers, and water splitting devices. In this study a pentablock commercial
copolymer system is modified to form an anion exchange membrane via bromination chemistry.
Three levels of bromination with resulting ion exchange capacities (IEC) ranging from 0.4 to 0.9
are investigated. Despite the low IEC, the polymer is highly conductive (up to 60 mS/cm at 90°C
and 95%RH) with low water absorption (<25%) while maintaining adequate mechanical
properties in both dry and hydrated conditions at 60°C. In solution, the brominated polymer
forms a structure modeled as polydisperse hard spheres ~ 20 nm in diameter, and a film drop cast
from the solutions forms lamellae about double the sphere size. The ionic polymer also forms a
lamellar structure with a d-spacing of ~35 nm and the structure is maintained under hydration
and extensional strain. The Brexar polymer delivers good conductivity with low water uptake
and maintains mechanical integrity at high hydration conditions. The highest IEC level is a
promising material for a separating membrane in an AEM fuel cell, while the lower IEC values
are appropriate for applications where mechanical integrity is valued more than conductivity.
4.2 Introduction

Anion exchange membranes (AEMSs) are a promising class of materials with applications
such as electrochemical separation membranes and protective barrier layers [4,17,18,96].
Balancing conductivity with mechanical stability is one of the main challenges. Higher IEC

materials have better conductivity, but absorb more water causing them to become mechanically
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unstable. Mechanical reinforcement [30] or chemical cross-linking [47] can improve the
mechanical integrity of the film, but it comes at the cost of lower conductivity. Optimizing both
conductivity and mechanical properties is a significant challenge.

Structured polymers, which self-assemble into phase-separated morphologies, have
shown great promise as ion conducting membranes for their potential to form ion conducting
pathways [97,98]. Structured morphologies in diblock copolymers have higher conductivity than
blends of the same materials [48]. Other diblock chemistries of poly(vinyl benzyl
trimethylammonium) with a high T, material (polystyrene [45]) and a low Ty material
(polyethylene [99]) have been studied, but have fallen short of the properties needed for a
successful AEM. A multi-block copolymer that balances the strength of a high T4 material with
the flexibility of a low Ty material is presented here. Kraton Performance Polymers Inc.
(Houston, TX) produces a pentablock copolymer under the tradename Nexar comprising of
poly[t-butyl styrene-b-hydrogenated isoprene-b-sulfonated styrene-b-hydrogenated isoprene-b-t-
butyl styrene] (tBS-HI-SS-HI-tBS), which they market for water transport, filtration, and
separation applications.

Nexar in a mixed solvent of cyclohexane and heptane solution forms spherical micelles
containing dense cores of SS and coronas of HI-tBS swollen by the solvent [100] (Figure 4.1).
The degree of sulfonation affected the size of micelles formed. Both the radius of the micelle
core and the closest approach distance between cores increased with sulfonation level, while the
number density of micelles decreased. The micelle volume fraction plateaus as the degree of
sulfonation increases. The solution study was followed up by casting membranes from the

solutions and relating the structure-property relationship [101]. In membranes, the SS domains

50



were discrete when 2R < d and interconnected when 2R > d, where R indicates the core radius in
solution and d represents the center-to-center distance of the SS microdomains in the membrane (
Figure 4.2). Water uptake increased once the domains were interconnected. The polymer
solution was neutralized with triethylaluminum (EtsAl) and the micelle structure was maintained
with the Al (3+) ions joining the SS in the core [102]. The neutralized structure exhibited lower
water uptake, but improved the mechanical integrity and dimensional stability.

M A N

tBs HI 8s HI tBs

Solvent »

~

—
Y

2R |

2Rea

Figure 4.1 Spherical micelles containing dense cores of SS and coronas of HI-tBS swollen by
solvent [100]

Laprade, et. al. [103] investigated the mechanical and microstructural characteristics of
the Nexar pentablock. Grazing-incident SAXS (GISAXS) provided real-time measurements
during solvent casting. The micelle size shrunk as the solvent evaporated, leaving the final
domain spacing of 30 nm, which was confirmed by atomic force microscopy (AFM). A
comparison between structureless and interconnected domain morphologies suggests that
sulfonation level rather than morphology plays the dominant role in the hydrated deformation

behavior of these membranes.
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Figure 4.2 In Nexar membranes the SS domains are discrete when 2R < d and interconnected
when 2R > d, where R indicates the core radius in solution and d represents the center-to-center
distance of the SS microdomains in the membrane [101]

The effect of solvent polarity on final membrane morphology was also investigated [104].
Casting from cyclohexane displayed ion-rich spherical microdomains, which suggests the
solvent evaporated early during nanostructure development and the ionomer was effectively
templated by the nonpolar species. Alternatively, the use of THF results in coexisting nonpolar
cylinders and lamellae.

Based on the characterization efforts of proton exchange membrane Nexar, the base

pentablock forms a structured morphology and has good water transport. It is desired to

investigate a cationic form of Nexar that will maintain a phase separated structure for anion
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transport while the hydrophobic blocks provide mechanical stability. Characterizing the anion-
exchange version of Nexar is reported here.

Scattering experiments can investigate how domains in proton exchange membranes
swell with water uptake [43]. In the Herring group, SAXS experiments have been performed
using a custom-built, four-sample oven that allows for temperature and humidity control [11,43—
54]. The humidity is controlled by a wet gas / dry gas mixture with manual adjustment to achieve
the desired humidity. Stationary measurements of structure with humidity changes can be
compared to changes in structure seen from straining the film.

Polymers can undergo a phase transition through a force rather than a typical thermal
transition. Strain induced crystallization at isothermal conditions has been demonstrated in
polybutene-1 [55], poly(ethylene oxide) [56], and a propylene-1-butylene random copolymer
[57]. The multi-step crystallization of a poly (e-caprolactone) sample was observed using a
tensile tester to uniaxially stretch sample in situ with SAXS and WAXS at room temperature
conditions [58]. Three zones of crystallinity were identified from the stress-strain curve and
verified with the scattering patterns. The x-ray data measured the evolving structure with
increasing strain. The distance between lamellae structures doubled with extension. The
scattering behavior of styrene-butadiene-styrene block copolymers during stretching was
investigated as far back as the early 1990s [59]. A scattering pattern formed elliptical patterns
aligned perpendicular to the stretching direction. From this, it was concluded the polystyrene
cylinders were placed with their axes perfectly oriented along lines parallel to the stretching
direction. These extensional force systems are similar to the experiments performed here to

investigate morphology change with strain.
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There are few anion exchange membranes that have high ionic conductivity at low ion
exchange capacity with low water uptake while still maintaining mechanical integrity at elevated
temperature and relative humidity conditions. ldentifying polymer architectures that achieve
minimum performance metrics in a wide range of properties is critical to the advancement of
anion exchange membrane science. In this study, an anion exchange membrane synthesized from
a commercial pentablock copolymer platform was explored. Viscosity and the structure of
polymer solutions were investigated. Polymer films were prepared in solution, functionalized,
and characterized. Conductivity, water uptake, mechanical properties, and morphology were
investigated at a range of humidity conditions. Fundamental insights into the polymer
arrangement in solutions and films as well as performance in conductivity, water uptake, and
mechanical testing are reported here.

4.3 Experimental
The pentablock anion exchange membrane was synthesized by others and

characterization efforts are presented here.

4.3.1 Materials

The starting material poly[t-butyl styrene-b-hydrogenated isoprene-b-methyl styrene-b-
hydrogenated isoprene-b-t-butyl styrene] polymer was gifted by Kraton Performance Polymers
Inc. (Houston, TX). The molecular weight of the base pentablock is approximately 15-10-28-10-
15 kg/mol [105]. The middle block was then brominated (Figure 4.3) and further quaternized
with trimethyl ammonium, vyielding the final pentablock polymer poly[t-butyl styrene-b-
hydrogenated isoprene-b-vinyl benzyl trimethylammonium-b-hydrogenated isoprene-b-t-butyl
styrene] (Figure 4.4). The synthesis and confirmation analysis was done by S. Piril Ertem in E.

Bryan Coughlin’s group at the University of Massachusetts Amherst and will not be discussed in
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this thesis. The brominated polymer in powder form was mixed with tetrahydrofuran (THF) at a
concentration of 20 wt% in a round bottom flask at room temperature for at least two hours. The
solution was pipetted onto a Teflon substrate and drawn across the substrate with a micrometer
adjusted film applicator set at 200 um. The film applicator was drawn at a constant speed of 50
mm/s using a film coater (MTI Corporation’s MSK-AFA-III, Richmond, CA). The solution was
allowed to evaporate in the fume hood overnight before using a razor to remove the film form
the Teflon substrate. The brominated film was then placed in a 25wt% trimethylamine solution
for at least 48 hrs to achieve quaternization of the brominated end group. The final film had a
thickness of about 60 microns. This polymer will be referred to as “BrexarXX”, where XX is

the % bromination as it is the brominated version of the commercial polymer named Nexar.

Figure 4.3 Synthesis step for unfuntionalized pentablock to the brominated material named
"Brexar"
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Figure 4.4 Chemical structure of Brexar. The z’ group is noted by BrexarXX moving forward.

Table 4-1 Table of theoretical and titrated ion exchange capacity values for the Brexar series

Theoretical IEC Titrated IEC
(mmol/g) (mmol/g)
Brexar20 0.6 0.4
Brexar43 1.1 0.8
Brexar70 1.7 0.9
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4.3.2 Rheometry

Rheological measurements were done on an ARES-G2 rheometer (TA Instruments) using
a modified Sentmanat Extensional Rheometer (SER) [40]. Details on the SER fixture are
available elsewhere [20]. Samples were cut into rectangles measuring between 2-4 mm and about
20 mm long. Thicknesses ranged from 30-100 microns. Tests were run at 30°C with a 0.01 s*
engineering strain rate to match the SAXS conditions. Tests were also run at 60°C under dry
(<1%RH) conditions with a Engineering rate of 0.0033 s™* due to elongation less than 20% and
0.33 s™* for saturated conditions due to elongation greater than 100% At least five replicates were

averaged for the final data.

4.3.3 Conductivity

lonic conductivity was measured by electrochemical impedance spectroscopy using a
four-electrode in-plane conductivity cell. Impedance spectra were obtained over a frequency
range of 0.3 to 10° Hz using a multi-channel potentiostat (BioLogic VMP3). A TestEquity
sample chamber controlled temperature and humidity during data acquisition. Membrane
resistance was defined as the low frequency intercept of the Nyquist impedance plot and

conductivity was calculated based on Equation (4.1).

cC=——
R-t-w

(4.1)

Where R is the membrane resistance, | is the length between electrodes, and t and w are the
thickness and width of the membrane sample, respectively. Reported conductivity data are the
average of at least three separate membrane samples and multiple impedance spectra at each
steady-state temperature; error bars are one standard deviation. Conductivity measurements were
performed with a bromide counterion.

56



4.3.4 Water uptake

Water uptake (WU) was characterized using a dynamic vapor sorption apparatus (SMS
DVS Advantage 1, Allentown, PA). A membrane sample, about 4 mm?, was placed on a glass
weigh plate and the change in mass was measured gravimetrically under different humidity

conditions. The WU of the membrane was calculated based on equation (2.2).

m, —Mm
WU =—2R" 9% 100 (4.2)
mdry

where mygry is the mass of the sample at the given relative humidity and mqyy is the mass of the
dry sample. The mass of the dry membrane was taken as the measured mass at the end of the
initial 4-h drying period. Given the WU at saturated conditions and the known ion exchange
capacity (IEC) of the membrane, the hydration level (A) is the number of waters per cation
functional group and can be calculated using equation (2.3). The molecular weight of water
(m(H20)) is needed to complete the equation.

N
m(H,0) - IEC

(4.3)

4.3.5 Small angle x-ray scattering

Small angle X-ray scattering experiments were performed at the X-ray Sciences Division,
beamline 12-1D-B, at the Advanced Photon Source at Argonne National Laboratory.
Measurements were taken in a transmission geometry using a Pilatus 2M SAXS detector at a
beam energy of about 14 keV (A = 0.89 A) and a sample-to-detector distance of about 2500 mm.
A Sentmanat Extensional Rheometer (SER) (Xpansion Instruments) was used to apply a
bidirectional strain on the films. The SER drums were modified to handle solid polymer films

below their melting temperature [40]. The SER tool was powered by a stepper motor and was
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housed in a custom built oven with forced convection heating. The oven allowed for the x-ray
beam to travel between the counter-rotating drums [61,62]. The exposure time was generally 1 s
and the images were taken either 3 or 5 seconds apart. The engineering strain rate used was 0.01
s as this was the slowest rate the stepper motor could handle and still render a smooth rotation.
The slow rate allow for the most x-ray images while the film was undergoing extension.

In order to quantify the changes in the polymer structure with strain, the movement of
peaks in defined wedges was tracked. Using the Nika macro [63] in Igor Pro 6.36 (Wavemetrics)
to handle the 2D SAXS image, a wedge was defined as +2° around 90° and 180° (0° being the
right horizontal line) after applying the beam mask and subtracting the background. The intensity
as a function of the scattering vector g was averaged within the wedge. Using the Irena macro
[64], the 1D I(q) plots were used to track the movement of peaks as strain increased.

Solutions were also completed at the X-ray Sciences Division, beamline 12-1D-B, at the
Advanced Photon Source at Argonne National Laboratory. Measurements were taken in a
transmission geometry using a Pilatus 2M SAXS detector at a beam energy of 14 keV (A = 0.89
A) and a sample-to-detector distance of 2029 mm. The solutions were placed in a 2 mm diameter
quartz capillary tube. A blank tube of THF was used for background subtraction. The solutions
were drop cast onto Teflon sheets, dried overnight, and then placed in a vacuum oven at 50°C for
10 hours. The resulting films were imaged at rest in a dry oven at 60°C. Since the 2D SAXS
patterns for both the solutions and small films were isotropic, the intensity was radially averaged
and the I(q) data was plotted directly in Igor with the Irena macro [64].

4.4 Results and Discussion
The solution rheology of the base pentablock and properties of brominated and

quaternized films are discussed.
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4.4.1 Structure of polymer solutions and films

Using the base material, Brexar0O, viscosity measurements were taken with increasing
concentrations of polymer in a THF solution. The solutions were tested with a 40 mm 2° cone
and plate geometry on a TA Instruments AR-G2 rheometer with the use of a solvent trap to
prevent evaporation effects. The polymer solutions fell into three distinct regions corresponding
to dilute, semi-dilute, and entangled regimes [106]. The viscosity (1) versus concentration (C)
data was fit to a power law model, Equation (4.4), and the power law exponent (x) defines the

entanglement regions (Table 4-2).

n=C"

(4.4)
Table 4-2 Power law exponents for neutral polymer solutions in theta and good solvents
Neutral Polymer
Solvent Reference Good Reference
Entangled n~c*? [107] n~c? [107]
Semidilute n ~c [107] n~c? [107]
Dilute n~c? [108] n~c? [109]

Based on the viscosity measurements, the dilute regime ranged from 1-9 wt%, the semi-
dilute regime ranged from 10-15 wt%, and the entangled regime was above 16 wt% (Figure 4.5).

20 wt% was the maximum concentration examined as a 22 wt% solution failed to dissolve in the

solvent.
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viscosity regimes are defined by the power law slope.

The solution regimes were also investigated with SAXS. Solutions of 5 wt% (dilute), 10
wt% (semi-dilute), and 15 wt% (entangled) solution were placed in quartz capillary tubes and
shot at the Advanced Photon Source at room temperature. The intensity increases with increasing

concentration and there is a shoulder around 0.03 — 0.04 A™ corresponding to a d-spacing of

about 18 nm.

Brexar0 15 wt%| |
B Brexar0O 10 wt%| |
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Figure 4.6 SAXS of Brexar0 at 0 (red), 10 (blue), and 15 (green) wt% solution in THE

60



The morphology of the brominated polymer was investigated in a THF solution. The
work was done in the brominated form due to the insolubility of the quaternized, ionic polymer.
An analogous sulfonated polymer formed micelles in solution and a higher degree of sulfonation
led to a larger micelle [100]. Several models (Kinning-Thomas, hard sphere, polydisperse hard
sphere) were unsuccessfully used in an attempt to model the solutions. The solutions have a

single peak which corresponds to a d-spacing of ~20 nm (Figure 4.7).

@
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Figure 4.7 Small angle x-ray scattering of BrexarXX in a THF solution

The small films cast from the solutions showed sharp peaks for all functionalities of
Brexar, with the higher degrees of bromination showing more defined peaks (Figure 4.8). The
Brexar0 film has a peak corresponding to a d-spacing of 19 nm. Since the polymer lacks large
atoms, such as bromine, the scattering is most likely due to the m-bond stacking of the aromatic

rings.
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Figure 4.8 Intensity versus the scattering vector q for small films made from drop casting 20
wt% solutions of various Brexar functionalities in THF

The peak ratios of the films and the characteristic lengths indicated the polymer formed a
lamellar structure and the distance between the mid-blocks with bromide increased with
increasing bromination levels (Table 4-3).

Table 4-3 Peak ratios and d-spacing of lowest q feature for the varying levels of bromination in
the Brexar material

Bromination level Peak ratio d-spacing of lowest q | Reference
peak (nm)

0% (base pentablock) 19

20% 3.7:2:1 35

43% 38:2:1 36

70% 4:2:1 39

Nexar 52% sulfonation 30 [101]
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4.4.2 Water Uptake

The Brexar material did not show appreciable water uptake compared to other AEMs.
The maximum mass uptake was only 22% for the Brexar70 material at 95%RH. While water is
needed for ion conduction, if the polymer absorbs an excess of water then swelling can lead to
mechanical instability. The trend in hydration values was the opposite of the trend in overall
water uptake, meaning the higher IEC material is more efficient in absorbing water. The
maximum hydration level was between 11 and 18 which is similar to PEMs (14 to 22)
[77,110,111] and other AEMs (12 to 25) [112-114]. The modest water uptake of Brexar, which

maintains conductivity and mechanical stability, is desirable.
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Figure 4.9 Water uptake of the Brexar material as measured by dynamic vapor sorption at 60°C
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Figure 4.10 Water uptake as a function of hydration value (A) for the Brexar material

4.4.3 Conductivity

The highest conductivity recorded was 57 mS/cm with the Brexar70 material at 90°C and
95%RH. In many ion exchange membrane systems, conductivity plateaus with increasing IEC
[45,47]. In the Brexar material conductivity increased with increasing IEC primarily due to the
large hydrophobic weight fraction and lower IEC values compared to other AEMs. The Brexar70
was the highest degree of bromination achieved so it is possible this polymer platform cannot
support IEC values high enough to observe a plateau in conductivity. The conductivity values are

comparable with other AEMs in literature [18,45,47,115,116].
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Figure 4.11 Bromide conductivity of varying bromination levels of Brexar at 60°C and varying
relative humidity conditions.
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Figure 4.12 Bromide conductivity of varying bromination level of Brexar at saturated relative
humidity conditions.
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Brexar43 and Brexar70 have similar activation energy (27 kJ/mol), while Brexar20 was
36 kJ/mol (Figure 4.13). The values are in the range of other AEMs [11,48]. Brexar43 and
Brexar70 deviate from the linear fit at the lowest temperature reported here (50°C), which could
mean the conductivity mechanism is not simply vehicular, but has contributions from the

polymer backbone flexibility [117]. Further study is warranted across a wider range of

temperatures.
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Figure 4.13 Arrhenius plot of bromide conductivity of the Brexar material at 95%RH

4.4.4 Mechanical Characterization

The different block chemistries of the pentablock were designed to provide strength,
flexibility, and conductivity in a single polymer. The Brexar0 sample is the unfunctionalized
pentablock, which serves as a control. Given the hydrophobicity of the different block
chemistries, BrexarO should display minimal response with changing relative humidity

conditions. Kraton published mechanical properties of Nexar MD9150 (IEC = 1.5 meq/g), but
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the temperature was not stated. Membranes in electrochemical devices will need to be
mechanically strong, handle dimensional swelling from water uptake, and be flexible enough to
withstand nonlinear deformation stresses. Tensile testing at 60°C in both dry and wet conditions

establishes mechanical performance.
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Figure 4.14 Stress at break for Brexar membranes at dry and saturated relative humidity
conditions at 60°C. Nexar MD9150 (IEC = 1.5 meq/g) data from Kraton at presumed 25°C
conditions is shown for comparison.

The stress at break increases with IEC for dry conditions (red bars in Figure 4.14) and
decreases with IEC for saturated RH conditions (blue bars in Figure 4.14) indicating the dramatic
effect water can have on the mechanical strength on membranes. The stress at break is ~40 MPa
lower than benchmark AEMS in the dry condition and ~15 MPa lower in the wet condition [76].

However, since AEMs are not subject to extensional load during use, only a minimum stress of

~10 MPa is needed to maintain integrity.
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Figure 4.15 Young's modulus of the Brexar membranes under dry and saturated relative
humidity conditions at 60°C. Nexar MD9150 (IEC = 1.5 meq/g) data from Kraton at presumed
25°C conditions is shown for comparison.

The same trend is seen with the Young’s modulus as with the stress at break. At dry
conditions, the film becomes more stiff with increasing IEC due to the stiff nature of the
poly(vinyl benzyl trimethylammonium) group which has been observed in other AEM
systems.[48] The values of the Young’s modulus at dry conditions (150-350 MPa) indicate the
membranes can be handled without breaking. Hydration drastically increases the elasticity, thus
reducing the Young’s modulus by as much as two orders of magnitude in the highest IEC

material (360 to 4 MPa for Brexar 70). Despite the low Young’s modulus, the Brexar70 material

elongates over 100% and maintains 3 MPa of strength.
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Figure 4.16 Elongation to break of the Brexar membranes at dry and saturated relative humidity
conditions at 60°C. Nexar MD9150 (IEC = 1.5 meq/g) data from Kraton at presumed 25°C
conditions is shown for comparison.

The elongation values at dry conditions (<1%RH) are low due to the film breaking near
the securing pin at the onset of extension. Once the membranes absorbed water, the elongation
increased by an order of magnitude.

The tradeoff between conductivity and mechanical performance is clearing seen with the
Brexar membranes. Brexar20 has the lowest conductivity, but it is the only one to maintain a
modest level of stiffness (120 MPa Young’s Modulus) at the high hydration condition. The
Brexar70 material has high conductivity, but is very elastic (4 MPa Young’s modulus) at the
high hydration condition. However, Brexar70 maintained mechanical integrity at 90°C and

95%RH in the conductivity testing so it is still a viable option for practical devices.
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4.4.5 Morphology change with extension strain

The morphology of Brexar43 was investigated as function of extensional strain. At rest,
the material showed an isotropic pattern with two distinct peaks at about 0.026 and 0.051 A™, 24
nm and 12 nm in real space, respectively (Figure 4.17). As the film was stretched, two changes
occurred. First, the d-spacing along the 180° direction increased and the d-spacing along the 90°
direction decreased (Figure 4.18). The changes in d-spacing occurred for both the high and low
g-range peaks. Secondly, the ratio between the two peaks remain nearly constant at ~1.9 (x0.07)
in both 90° and 180° directions as strain increased all the way to membrane failure (Figure 4.18).
Since a peak ratio of 2 is typical for a lamellar structure [118], the scattering suggests the

lamellar structure stays intact even as the microdomains get larger.

g

Figure 4.17 2D SAXS pattern of the Brexar43 material at rest before extension
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4.4.6 Structure with changing hydration

Morphology of the Brexar membranes were also investigated as a function of hydration
level using small angle x-ray scattering (SAXS) in a humidity controlled oven. The Brexar20 and
Brexar43 membranes both have a main peak at a d-spacing of about 34 nm and the peak is the
same in both dry and wet conditions. The ratio of the first two peaks for Brexar20 and Brexar43
suggests a lamellar morphology (Figure 4.19). The main peak in the Brexar70 membrane shifts
d-spacing from 35 to 39 nm from dry to wet conditions (Figure 4.19). The higher IEC of this
material leads to a greater water uptake and the lamellar spacing in the polymer expands to
absorb the water. An expansion of the existing structure with water uptake has been observed in
other PEMs [119] and AEMs [47] and gives insight to the width of the ion transport channel [50].
In Brexar70 material at 95%RH, higher order peaks were observed, which indicates the lamellar

structure is better defined.
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4.5 Conclusions

We have demonstrated the modification of a pentablock commercial copolymer system to
an anion exchange membrane via bromination chemistry. The polymer is solution processable in
THF at a wide range of concentrations. The polymer is highly conductive (up to 60 mS/cm) with
a small amount of water absorption (<25%) while maintaining adequate mechanical properties in
both dry and hydrated conditions at 60°C. The polymer forms a lamellar structure with a d-
spacing of about 35 nm and the structure is maintained under hydration and extensional strain.
The Brexar polymer delivers good conductivity with low water uptake and maintains mechanical
integrity at high hydration conditions. We have demonstrated how a commercialized pentablock
proton exchange membrane can be modified to produce an anion exchange membrane with
similar morphology. The AEM can be tuned to a range of ionic conductivity and mechanical
integrity to suit applications in fuel cells, barrier layers, or other electrochemical separators.
There is also potential to modify the ratio of the blocks to make the polymer more elastic, which
may be better for AEM applications. The highest IEC level is a promising material for a
separating membrane in an AEM fuel cell, while the lower IEC values are appropriate for

applications where mechanical integrity is valued higher than conductivity.
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CHAPTER 5
ACCELERATED MECHANICAL DEGRADATION OF ION EXCHANGE MEMBRANES

5.1 Abstract

lon exchange membranes are a promising class of materials for use in fuel cells, barrier
layers, and water splitting devices. While the focus of the majority of research is on improving
the chemical stability and increasing ionic conductivity, the mechanical performance under
operating conditions is vital to device lifetime. We report here the mechanical performance of
Nafion® 115, polyethylene-b-polyvinyl benzyl trimethylammonium diblock copolymer (PE-b-
PVBTMA), poly[t-butyl styrene-b-hydrogenated isoprene-b-vinyl benzyl trimethylammonium-b-
hydrogenated isoprene-b-t-butyl styrene] (Brexar43), and aminated tetramethyl polyphenylene
(ATMPP) using both tensile testing and humidity cycling. Nafion® 115 was used as a
benchmarking material to compare with the developmental anion exchange membranes. A home
built environmental chamber attached to a rheometer was utilized to perform all measurements
under elevated temperature and relative humidity conditions. The elasticity of the polymer was
the leading indicator for mechanical performance under cyclic hyrgal stress.
5.2 Introduction

While chemical degradation remains a significant issue for membrane stability in AEMs,
mechanical stability is also an integral factor in fuel cell lifetime [27]. The polymer needs to be
processed into thin, durable membranes and withstand the stresses inside a fuel cell at operating
conditions. Microcracks formed from continued hydration and dehydration cycles in a fuel cell
are the most common form of mechanical failure. Several attempts have been made to correlate

mechanical failure with a more common property such as elongation at break [29,31] or Young’s
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modulus and yield strength [28]. Cycling the humidity correlated well with a reduction in the
strain at failure even though the yield stress and yield strain remained largely unchanged [31].

Most of the available literature on mechanical properties of ion conducting polymer
membranes is limited to stress-strain curves in various states of hydration [32-35]. Tensile
strength and Young’s modulus decrease as the polymer gains water. The elongation at break
increases due to plasticizing effect of the absorbed water [33]. Also noted by Marestin, et. al [32]
is that “Despite the fact that mechanical properties are now often determined for new ionomers, a
complete study of the mechanical properties is still necessary including the combined effect of
water content and temperature.” Custom environmental chambers built around a mechanical
tester are common for detailed exploration of properties at intermediate humidities [39,84], and
the testing is usually performed at a static temperature and relative humidity condition and time
dependence is not considered.

Mechanical properties of films relate to conductivity. In an alkaline exchange quaternary
ammonia polysulfone membrane, a sharp increase in water uptake with increasing ion exchange
capacity (IEC) correlated exactly with a sharp decrease in Young’s modulus [36]. In poly(vinyl
alcohol) (PVA) and poly(acrylic acid) (PAA) blends, a 10:5 PVA:PAA ratio “offers a good
balance between enhanced ionic conductivity and acceptable mechanical strength for solid
polymer electrolyte applications” [37]. In an effort to improve mechanical properties
reinforcement with ePFTE has been shown to increase the fuel cell lifetime by an order of
magnitude [30].

The membrane undergoes many cycles of small stresses in a fuel cell, which can lead to
mechanical failure. The stresses can be mechanical, thermal, chemical, or hygral and a single

cycle is not enough to do damage, but the cumulative effect of many cycles leads to microcracks
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and membrane failure [120]. The rheological characterization of materials exhibiting non-linear
deformation is an example of these kinds of stresses [121,122]. Hygral stress relates to the stress
on a material caused by the absorption and desorption of water. Nafion NR111 was put under a
cyclic mechanical stress, and a stress of only 1/10 of the tensile strength of the uncycled
membrane was needed to break the membrane [38]. It was also concluded “the shrinkage stress
generated by the water-uptake is responsible for the mechanical decay of the Nafion PEMs” [38].
The stress change from either cooling or drying Nafion NR111 was shown to be on the order of
0.2 to 2 MPa [38]. General Motors tests for mechanical durability of the membrane electrode
assembly (MEA) by exposing the membrane to an alternating two minute cycle of 0%RH and
90°C dewpoint gas at 80°C. Gas crossover (hydrogen) is measured and the membrane must
survive at least 20,000 cycles without gas crossover to pass [123].

We build off of the demonstration of a single wet to dry stress measurement [124] and the
industrial cyclical tests [123] to introduce a water stress metric based on cycling the membrane
between high saturation and dry air conditions at elevated temperature, and compare this new
metric with traditional mechanical testing metrics. Our goal with this work is to accurately
measure the stress water puts on the membrane as it absorbs and desorbs into and out of the

membrane and how this stress changes over many cycles.

5.3 Experimental Methods

The materials and methods used in this work are discussed in the following sections of

this chapter.
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5.3.1 Materials

Four ion exchange membranes are compared. Nafion® 115 is a commercial proton
exchange membrane produced by DuPont that is widely studied in the fuel cell literature
[27,125]. Nafion® 115 was obtained from lon Power, Inc. The film was prepared via the
standard method [77] of boiling in 0.5M sulfuric acid for an hour, deionized water for an hour, 3
wt% hydrogen peroxide for an hour, and finally deionized water again for an hour. The
membrane was then placed in an oven at 80°C for over 12 hours to dry. PE-b-PVBTMA is a
polyethylene-b-polyvinyl benzyl trimethylammonium diblock copolymer with a 70:30
PE:PVBTMA block ratio and molecular weight of 64,800 g/mol [99]. The polymer was cast
from xylene at 80°C with a film coater into 300 cm2 films 12 £+ 3 um thick. These films were
very flexible and exhibited low dimensional swelling [126]. Brexar43 is based on a commercial
pentablock copolymer platform from Kraton Polymers Inc. (Houston, TX). It is comprised of
poly[t-butyl  styrene-b-hydrogenated  isoprene-b-vinyl  benzyl  trimethylammonium-b-
hydrogenated isoprene-b-t-butyl styrene] that has 43% of the mid-block functionalized with
benzyl trimethylammonium. The molecular weight of the base pentablock is approximately 15-
10-28-10-15 kg/mol [105]. The polymer was produced by S. Piril Ertem of the Coughlin group at
the University of Massachusetts-Amherst. The brominated polymer in powder form was cast
from tetrahydrofuran (THF) using a film coater. The brominated film was then placed in a
25wt% trimethylamine solution for at least 48 hrs to achieve quaternization of the brominated
end group. The final film had a thickness of about 60 pum. ATMPP is an aminated tetramethyl
polyphenylene produced by Michael Hibbs of Sandia National Labs [115]. It is well studied and

shows promise as a platform for an anion exchange membrane in a working fuel cell.
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Figure 5.1 Chemical structures of (A) Nafion 115, (B) PE-b-PVBTMA, (C) Brexar43, and (D)
ATMPP

5.3.2 Rheometry

Rheological measurements were done on an ARES-G2 rheometer (TA Instruments) using
a modified Sentmanat Extensional Rheometer (SER) [40]. Details on the SER fixture are
available elsewhere [20]. Samples were cut into rectangles measuring between 2-4 mm and about
20 mm long. Thicknesses ranged from 30-100 microns. Tests were run at various temperature
and relative humidity conditions using the custom oven described in Chapter 3. Extensional rates
were based on testing conditions modified from ASTM D882, Tensile Properties of Thin Plastic
Sheeting [60]. According to the standard, the speed of the testing and the grip separation are

dependent on the percent elongation at break. The speed of the testing is calculated from the
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initial strain rate multiplied by the initial grip separation. With the SER drums, the speed of the
drum rotation can be altered, but the separation distance between the drums is fixed. Using the
same formula as the ASTM standard and a fixed grip separation of 12.7 mm (distance between
the center point of the two SER drums), a rate of grip separation can be calculated. This grip
separation rate is then converted to an engineering strain rate using the geometry of the drums,
yielding an engineering strain rate of 0.33 s™* for materials whose elongation to break was greater
than 100%. For elongation between 20% and 100%, the rate of 0.0167 s™ was used, and for
elongation less than 20% the rate used was 0.0033 s™. At least five replicates were averaged for
the final data. Error bars are one standard deviation.

Extensional tests on the SER measure stress as a function of engineering strain (Figure
5.2). To compare SER data with typical tensile measurements, an Engineering Stress was
calculated using the fixed starting area of the sample. Extensional Stress is the property that
factors in the exponential decrease in sample area. The stress at break and Young’s modulus
were calculated from the Engineering Stress. Young’s modulus was taken as the slope at low
strains in the linear, elastic region. The stress at break was taken as the stress at the break point.
Elongation is calculated by multiplying the final engineering strain by 100. A yield stress could
be determined from the stress-strain curves, but it is not investigated in this work. At least five

tests were run for each sample.
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Figure 5.2 Example of a typical stress-strain curve from the modified SER tool. The three main
properties (Stress at break, Young's modulus, and Elongation) are depicted.

5.3.3 Conductivity

lonic conductivity was measured by electrochemical impedance spectroscopy using a
four-electrode in-plane conductivity cell. Impedance spectra were obtained over a frequency
range of 0.3 to 10° Hz using a multi-channel potentiostat (BioLogic VMP3). A TestEquity
sample chamber controlled temperature and humidity during data acquisition. Membrane
resistance was defined as the low frequency intercept of the Nyquist impedance plot and
conductivity, o, was calculated using the film dimensions where R is the membrane resistance, |
is the length between electrodes, and t and w are the thickness and width of the membrane

sample, respectively (5.1).

c=— 5.1
R-t-w G
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Reported conductivity data are the average of at least three separate membrane samples and
multiple impedance spectra at each steady-state temperature; error bars are one standard

deviation.
5.3.4 Water uptake

Water uptake (WU) was characterized using a dynamic vapor sorption apparatus (SMS
DVS Advantage 1, Allentown, PA). A membrane sample, about 4 mm?, was placed on a glass
weigh plate and the change in mass was measured gravimetrically under different humidity
conditions. The WU of the membrane was calculated based on equation (5.2).

m, —M
WU =—2R" " dv 2100 (5.2)
mdry

where mygry IS the mass of the sample at the given relative humidity and mqyy is the mass of the
dry sample. The mass of the dry membrane was taken as the measured mass at the end of the
initial 4-h drying period. Given the WU at saturated conditions and the known ion exchange
capacity (IEC) of the membrane, the hydration level, A, which is the number of waters per cation
functional group, can be calculated using equation (5.3). The molecular weight of water

(m(H20)) is needed to complete the equation.

WU
m(H,0)- IEC

(5.3)

5.3.5 Water stress

The water stress measurement is a method of characterizing the mechanical response of
ion exchange membranes under cyclic hydration conditions. The membrane was loaded on the
film/fiber tool on the TA Instruments ARES-G2 rheometer. The membrane was loaded and

rested an hour at 80°C and 90%RH in order to reach a steady-state mass uptake. The membrane
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was then stretched to put a small tension while keeping the film in the elastic region without
going to plastic deformation. This region was defined from tensile tests at 60°C, 90%RH. Using
the environmentally controlled oven, the membrane was subjected to alternating cycles of
95%RH and 0%RH at 80°C. Short cycle times of 10 minutes were used to accelerate degradation,
while 60 minute cycles allowed the membrane to reach steady-state water absorption and
desorption for each cycle. Samples were about 3 mm wide and the initial gap was set to 10 mm.
Three replicates were done for each reported measurement. The water stress was calculated by
subtracting the difference in measured stress from the wet cycle to the dry cycle (Figure 5.3). As
the membrane dried, the film contracted and this contraction forced was measured by the
rheometer’s axial force transducer. Once the humid atmosphere was reintroduced, the film

absorbed water and relaxed, thus decreasing the axial force.

Cycling between 95%RH and 0%RH at 80°C

Dehydration
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Figure 5.3 Example of data from a water stress experiment
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5.4 Results and Discussion
Conductivity, water uptake, and tensile testing data are reported elsewhere for some of
these membranes [40,76] and is reproduced here for comparison with the water stress

measurements.

5.4.1 Conductivity and water uptake

At 60°C and 95%RH the Brexar43 and ATMPP membranes have an order of magnitude
greater conductivity than the PE-b-PVBTMA with about half the water uptake (Table 5-1). All
the AEMs still trail Nafion® 115 in conductivity, although in general PEMs will always conduct
better than AEMs due to the size difference in mobile species (H" vs Br). Brexar43 has
equivalent conductivity with ATMPP despite having a third of the ion exchange capacity.

Table 5-1 Water uptake and ionic conductivity from current text and literature for Nafion® 115,
PE-b-PVBTMA, Brexar43, and ATMPP

lon Water uptake | Dimensional | Conductivity Reference
Exchange | (%) swelling (mS/cm)
Capacity | 60°C, (vol%) 60°C, 95%RH
(meg/g) | 95%RH
Nafion® 115 0.9 17.1+0.1 21+1 137+17 (H)
PE-b-PVBTMA 1.2 32.3+0.2 14+ 4 2+0.5 (Br) | [126]
Brexar43 0.8 16.4+£0.7 34+3 18+2 (Br)
ATMPP 2.5 13.7+0.3 43+3 20+2 (Br) | [76]

5.4.2 Tensile testing

The three main mechanical properties taken from a stress-strain curve vary in relevancy
to an ion exchange membrane operating in an electrochemical device. The membrane needs to be
strong enough to handle when dry or wet and withstand stresses associated with being loaded in
a membrane electrode assembly. All four membranes exhibit a stress at break greater than 10

MPa with the exception of the Brexar43 in the high hydration condition (Figure 5.4).
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Figure 5.4 Stress at break for Nafion 115 (benchmark), PE-b-PVBTMA, Brexar43, and ATMPP
at 60C for both dry and saturated relative humidity conditions

The membrane should be able to handle mechanical dimension strain greater than the
dimensional change due to water uptake. A dry elongation greater than 100% is a conservative
metric for a minimum elongation needed. The minimum elongation value is membrane specific,
and the dimensional change ratio as mechanical elongation over swelling due to hydration should
be greater than 10 for a stable membrane (Table 5-2). Nafion® 115 and the PE diblock are both

comfortably over this threshold (~20), but ATMPP and Brexar43 are both near 1.
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Figure 5.5 Elongation to break for Nafion 115 (benchmark), PE-b-PVBTMA, Brexar43, and
ATMPP at 60C for both dry and saturated relative humidity conditions

Table 5-2 Mechanical vs in-plane swelling for Nafion 115, PE-b-PVBTMA, Brexar43, and
ATMPP

Elongation | In-plane Mechanical / Reference
(%) at swelling at in-plane
60°C, dry | 25°C (%) swelling ratio
Nafion® 115 244 12 21 [40]
PE-b-PVBTMA 149 8 18 [126]
Brexar43 17 27 0.6
ATMPP 26 26 1 [76]

In an electrochemical device from the mechanical viewpoint, a membrane will mainly be
subject to oscillations in force, temperature, and relative humidity. Since these osciallations are
individually not strong enough to destroy the membrane, an important mechanical characteristic

of the membrane is its ability to withstand these small forces and revert back to its original state.
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The Young’s modulus is the best metric to define the elasticity of the membrane and ideally the
value should be ~75-450 MPa. Below 75 MPa, the membrane can behave more like a fluid and
above 450 MPa, the membrane is too stiff. The difference between modulus values at dry and
hydrated conditions should also be kept to a minimum. Nafion® 115 meets these requirements,
but the anion exchange membranes do not. The PE diblock and Brexar43 membranes both
become very soft under hydrated conditions at 60°C (<15 MPa). The ATMPP membrane shows

less variation, but is too stiff dry and softens considerably when hydrated.
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Figure 5.6 Young's modulus for Nafion 115 (benchmark), PE-b-PVBTMA, Brexar43, and
ATMPP at 60°C for both dry and saturated relative humidity conditions

5.4.3 Water stress
The tensile testing at static temperature and relative humidity conditions are useful to

provide a framework and comparison point for membranes, but it does not represent the smaller,
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cyclical stresses imposed on a membrane in a working device. The water stress test attempts to
quantify the hyrgal stresses a membrane encounters in a working device.

The water stress tests were run at an accelerated degradation temperature of 80°C.
ATMPP exhibits a significantly higher water stress than either the PE diblock, Brexar43, or
Nafion® 115, correlating with the higher Young’s modulus from the tensile testing (Figure 5.7).
ATMPP and Brexar43 lose ~40% of the peak water stress over 20 cycles while the PE diblock
and Nafion® 115 lose less than 10%. Nafion® 115 and PE-b-PVBTMA show an initial increase
in water stress over the first several cycles before leveling off or trending lower. An ideal
membrane would have a low water stress and it would maintain its ability to absorb and desorb
water completely reversibly over a large number of cycles, thus losing 0% of its maximum water

stress.
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Figure 5.7 Water stress in 10 min hydration/dehydration cycles over 7 hours for ATMPP, PE-b-
PVBTMA, Nafion® 115, and Brexar43
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Figure 5.8 Water stress in 10 min hydration/dehydration cycles over 7 hours for PE-b-PVBTMA,
Nafion® 115, and Brexar43.

The test was extended out to 100 cycles covering over 33 hours to better gauge long term
membrane performance (Figure 5.9). While Nafion® 115 maintained its low water stress and lost
less than 5% of its maximum stress, the ATMPP exhibited a higher water stress and loss ~65%
of its maximum water stress. Brexar43 also lost ~60% of its maximum water stress, but
maintained a lower overall water stress in the range of Nafion® 115. Large error bars on the
ATMPP data are most likely due to slow water absorption kinetics. The membrane can not fully

absorb and desorb water in the course of a single hydration or dehydration cycle.
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Figure 5.9 Water stress in 10 min hydration/dehydration cycles over 33 hours at 80°C for
ATMPP, Nafion® 115, and Brexar43. ATMPP

Due to the longer times needed to reach steady-state mass change for hydration and
dehydration, the cycle times were extended to 60 minutes to allow for full water absorption and
desortpion. The total test time of 33 hours was maintained. Both membranes still lose nearly
40% from their peak water stress, but the Brexar43 remains in a much lower water stress range

(1-2 MPa) (Figure 5.10).
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Figure 5.10 Water stress for 17, 60 minute cycles at 80°C for ATMPP and Brexar43

Both of the 33 hour tests were compared to investigate how the cycle time affected the
water stress. The 60 min cycle water stress averaged ~50% higher in Brexar43 and ~80% higher
in ATMPP than the 10 min cycle water stress at any given time in the test (Figure 5.11, Figure
5.12). Cycling more often over the same period of time resulted in lower water stress values and
led to higher degradation in both membranes (Figure 5.13). Cycling more frequently may lead to
temperature and relative humidity instabilities in the environmental oven, however, the total
testing time could be extended until membrane failure. For quicker screening of membranes, the

10 minute cycling over just 20 cycles (7 hours) differeniated between the four chemistries.
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Figure 5.13 Change in water stress from beginning to end of 33 hour test with either 10 minute
or 60 minute hydration cycles at 80°C for ATMPP and Brexar43
5.5 Conclusions

We have demonstrated mechanical characterization of chemically different ionomers.
Traditional tensile testing was performed under controlled environmental conditions and
benchmarks of >10 MPa stress at break, >100% elongation at break, and Young’s modulus
between 75-400 MPa are proposed. A minimum strength is needed to withstand processing and
handling, but the membrane is not under extensional tension in a working device so a higher
strength is not needed. The membrane should be able to elongate mechanically at least 10 times
more than it swells with water so an elongation at break greater than 100% is proposed. A
membrane must have elasticity to withstand many small hygral and mechanical cycles. A low
Young’s modulus (<75 MPa) indicates the polymer may flow when hydrated, while a Young’s

modulus above 400 MPa indicates the polymer may be too stiff to accommodate the mechanical
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cycling as the polymer absorbs and desorbs water. Nafion® 115 meets all of these criteria as
expected, but the AEMSs studied all far short in at least one metric. The PE-b-PVBTMA
membrane is too elastic when hydrated. The Brexar43 membrane is too weak and elastic when
hydrated and has low elongation when dry. The ATMPP membrane is too stiff when dry. The
Brexar43 membrane is more mechanically similar to the PE-b-PVBTMA membrane, but has
conductivity (20 mS/cm) and water uptake values (~15%) similar to the ATMPP, a much more
stiff membrane.

The new water stress metric was able to differentiate between the various chemistries.
The stiff ATMPP and the more elastic Brexar43 membranes softened during the course of the
short and long term humidity cycling which could mean they will perform poorly over time in a
working fuel cell subject to similar humidity cycles. Nafion® 115 performed very well,
justifying its wide spread study and use. The PE-b-PVBTMA membrane showed promise in its
ability to absorb and desorb water reversibly as its performance most closely resembles that of
Nafion® 115. More long term testing is warranted. ATMPP has a Young’s modulus greater than
400 MPa at 60°C and dry conditions, while the other three have a Young’s modulus less than
250 MPa at the same conditions. While Brexar43 and PE-b-PVBTMA have similar elasticity
profiles in the dry and wet conditions, they perform differently in the water stress cycling tests.
Young’s modulus was not able to differentiate these polymers so another metric may be more
useful in predicting membrane performance through hygral cycling.

The ratio of the mechanical elongation at dry conditions over the in-place dimensional
swelling was also indicative of water stress performance. Nafion® 115 and PE-b-PVBTMA have
ratios ~20, while ATMPP and Brexar43 have ratios near 1. The high T4 components in Brexar43

and ATMPP contribute to a low elongation at dry conditions, suggesting that polymers
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containing more low T4 components be used in AEM development. The block ratios in the
Brexar43 pentablock could be altered to include a higher fraction of the hydrogenated isoprene
and a lesser fraction of the t-butyl styrene for optimal mechanical properties without sacrificing
ionic conductivity.

The combination of the static tensile tests and the water stress accelerated testing protocol
provide insight on the performance of membranes under mechanical and hygral stresses. A
simple metric comparing the mechanical elongation in a dry condition with the in-plane swelling
percentage in liquid water can be used to predict how membranes will perform under hygral
cycling. In designing anion exchange membranes, we show that elastic components are more
favorable than stiff for mechanical robustness under hydration cycling. While improving
chemical stability and ionic conductivity will continue to be important issues to address,
mechanical performance under device operating conditions is critical to development of robust
ion exchange membranes.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 Summary and Conclusions

Anion exchange membranes are a promising material with applications in alkaline fuel
cells, barrier layers, and water splitters. The research community has introduced many polymer
systems attempting to overcome the main challenges of low ionic conductivity and chemical
stability in a high pH environment, while maintaining mechanical integrity [18]. Fully
mechanical characterization of experimental polymers is a fundamental issue that is needed to
develop a practical AEM.

This thesis reports a new platform for mechanical characterization of thin film polymer
ion exchange membranes. A home-built humidity controlled oven attached to a TA Instruments
ARES-G2 rheometer was designed, constructed, and proven. A Sentmanat Extensional
Rheometer was modified to test solid films less than 100 microns in thickness using a tensile
geometry. Less than 5% of material needed for traditional tensile testing is used in these tests.
The modified SER tool was benchmarked using the humidity controlled oven at conditions
relevant to fuel cell operation with the common proton exchange membrane Nafion® 115 and
the hydrophobic polymer polyethylene. The new platform characterized over 20 polymers to date,
and contributed to this thesis as well as the thesis of Melissa A. Vandiver. Results are
summarized in four publications with three additional manuscripts in preparation. The
temperature and relative humidity control on the oven were robust enough to handle not only
steady-state conditions, but also ramps of temperature at constant relative humidity and ramps of

relative humidity at constant temperature. Ramping was used in Vandiver’s thesis to explore
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mechanical transitions using dynamic mechanical analysis under saturated conditions. The
environmental chamber was also used to study alginate hydrogels made by the Krebs group, and
preliminary rheology tests were performed on ceramic pastes from Dow Chemical which dry out
quickly in ambient conditions. The lifetime of the environmental chamber is expected to be ten
years or more.

This thesis contributed to the understanding of a pentablock anion exchange membrane
which was one of the first membranes which met minimum metrics in conductivity, water uptake,
and mechanical integrity. The combination of high T4 blocks (t-butyl styrene) and low Ty blocks
(hydrogenated isoprene) led to adequate mechanical performance and formed a lamellar structure,
which was maintained under high hydration conditions and under extensional strain. The
extensional strain tests were performed with a novel in situ SAXS technique using the modified
SER tool.

Chapter 5 introduced a new quantifiable method of mechanically testing fuel cell
membranes that more accurately reflects the mechanical forces it undergoes in a working fuel
cell as it absorbs and desorbs water. The water stress tests were able to differentiate between stiff,
brittle polymers and more elastic polymers, showing a relationship between mechanically
straining a polymer and hydration cycling. A low water stress which remains steady through
many cycles is desirable and PE-b-PVBTMA met this criteria for short term testing. The
combination of the static tensile tests and the water stress accelerated testing protocol take
advantage of the home built environmentally controlled oven and the sensitive axial transducer
on the ARES G-2 rheometer to give a power tool for characterizing materials sensitive to

temperature and water.
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My hypothesis that a tensile tester under controlled temperature and relative humidity
conditions could be built to provide a better frame of reference for comparison between polymer
chemistries has been proven true. The environmentally controlled oven and modified SER tool
used to perform tensile testing on 10-100 micron films using milligrams of material contributes
to the field by generating quantifiable mechanical metrics for a wide array of experimental
polymers. | believed that a relationship between the Young’s modulus, elongation, and water
uptake could be used to predict membrane durability in a working electrochemical device. |
believe the ratio between the dry elongation to break and in-plane water swelling in liquid water
captures the interplay between the mechanical and hygral forces in a single metric. The
mechanical elongation needs to be 10 times greater than the in-plane water swelling to handle the
hydration cycling seen in a working fuel cell.

In total, this thesis developed novel instrumentation for the mechanical characterization
of environmentally sensitive materials. Anion exchange membranes were characterized with
tensile testing and hydration cycling leading to quantifiable metrics for membrane performance.
A pentablock AEM with a balance of stiff and elastic blocks was shown to have adequate
conductivity, low water uptake, and good mechanical integrity, even under strain or high
hydration conditions. The work presented here was used in support of multiple thesis efforts and
has the potential to be used for applications such ion exchange membranes, hydrogels, chewing
gum, or pastes in the future.

6.2 Recommendations for future work
The development and characterization of anion exchange membranes is still a growing

field and there are many opportunities to pursue in the future. The mechanical testing system
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developed in this thesis is a versatile platform which can be used in the characterization of many
other environmentally sensitive materials outside of anion exchange membranes.

At the extreme dry condition (<1%RH) used in these tests, many membranes failed to
bend around the SER drums, causing them to crack at the securing pin instead of breaking in the
open space between the drums. There are few instances where a membrane would see relative
humidity conditions that dry so it is recommended to change dry condition testing to 25%RH
instead of 0% since 25%RH is closer to ambient conditions in most of the world. This change
could prevent artificially low elongation values less than 10%.

The accelerated water stress test should be able to bring a membrane to failure. Hygral
stresses form microcracks in membranes and it would be good to match the mechanical cycling
data with testing methods that rely on permeation through the membrane to determine failure. A
stress at microcrack propagation may be identified which can add value to both testing protocols.
The water stress test may also be extended from a hundred cycles to a thousand cycles to push
the hygral fatigue even further. Testing the conductivity of membranes after cyclical mechanical,
thermal, or hygral stresses should also be investigated. The non-linear stresses may cause
significant mechanical and structural changes in membranes affecting their transport properties.
Nafion® 115 had a small increase in water stress before plateauing suggesting there may be a
“break-in” water absorption mechanism which could affect conductive pathways. The significant
decrease in water stress in Brexar43 over time may affect the as-cast morphology and
conductivity. Conditioning membranes with humidity cycling made lead to a more defined water
channel for ion conduction or it may destabilize the backbone and collapse the water channel

needed for ion conduction.
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It was recently reported that removing electron withdrawing substituents, such as sulfone
or bromine groups, from the polymer backbone helps to mitigate cation trigger backbone
degradation [127]. It is recommended to synthesize a “Clexar” polymer to compare with the
Brexar material to investigate this phenomenon further as stability in alkaline environments is
critical for anion exchange membranes.

An ideal anion exchange membrane must be mechanically stable, highly conductive, and
chemically stable in high pH environments. From the mechanical viewpoint, | believe the most
important property is reversibility under cyclical mechanical and hygral stresses. A Young’s
modulus of 200-250 MPa at 60°C, dry conditions and a 60°C, dry elongation greater than 10
times the in-plane water swelling work well in the cyclical water stress tests performed. The
Brexar pentablock or the PE-b-PVBTMA are the membranes | worked with that came closest to
these metrics. The PE-b-PVBTMA is a good membrane to study, but it is limited for practical
applications since the conductivity is so low (2 mS/cm at 60°C, 95%RH). The higher IEC
versions of the polymer (with higher block ratios of PVBTMA) had higher conductivity, but
became mechanically unstable with hydration. The Brexar family of polymer performed poorly
in the elongation metric, most likely due to the high weight fraction of the high T4 components t-
butyl styrene and poly (vinyl benzyltrimethylammonium).

The Brexar platform has some potential with a few changes. As mentioned earlier,
synthesizing the polymer with chlorinated chemicals may help with hydroxide stability. Since
the membrane becomes stiffer with higher functionalization, | would counteract this effect by
adjusting the block ratios. The current pentablock has a molecular weight of 15-10-28-10-15
kg/mol. The outer blocks of t-butyl styrene should be reduced and the inner blocks of

hydrogenated isoprene should be increased, which should make the polymer more elastic and
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increase the mechanical elongation. | would suggest trying to make a 5-20-28-20-5 kg/mol
pentablock and then performing the functionalization to make an AEM. Since the IEC should
remain nearly the same, the new polymer would have better mechanical integrity and remain
highly conductive.

Another area that was not explored was the cation’s effect on the mechanical properties.
The only cation studied in-depth was benzyl trimethylammonium. Although the MURI team has
created phosphonium and cobaltocenium cations, it has been a challenge to attach them to
polymers. A mechanical study attaching multiple cations to the same polymer backbone would
be interesting. Trimethylammonium cations are moderately stable in hydroxide, but the
phosphonium and cobaltocenium cations have shown promise of improved stability in hydroxide.
A mechanical study would investigate if improving the chemical stability effected the

mechanical stability.
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