University of South Carolina

Scholar Commons

Theses and Dissertations

2014

Advancements in the Design, Synthesis, and Application of
Polybenzimidazoles

Alexander Lanier Gulledge
University of South Carolina - Columbia

Follow this and additional works at: https://scholarcommons.sc.edu/etd

Cf Part of the Chemistry Commons

Recommended Citation
Gulledge, A. L.(2014). Advancements in the Design, Synthesis, and Application of Polybenzimidazoles.
(Doctoral dissertation). Retrieved from https://scholarcommons.sc.edu/etd/2600

This Open Access Dissertation is brought to you by Scholar Commons. It has been accepted for inclusion in
Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please
contact digres@mailbox.sc.edu.


https://scholarcommons.sc.edu/
https://scholarcommons.sc.edu/etd
https://scholarcommons.sc.edu/etd?utm_source=scholarcommons.sc.edu%2Fetd%2F2600&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/131?utm_source=scholarcommons.sc.edu%2Fetd%2F2600&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarcommons.sc.edu/etd/2600?utm_source=scholarcommons.sc.edu%2Fetd%2F2600&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digres@mailbox.sc.edu

ADVANCEMENTS IN THEDESIGN, SYNTHESIS AND APPLICATIONS OF
POLYBENZIMIDAZOLES

by
Alexander L. Gulledge

Bachelor of Science
University of South Carolina, 2010

Submitted in Partial Fulfillment of the Requirement
For the Degree of Doctor of Philosophy in
Chemistry
College of Arts and Sciences
University of South Carolina
2014
Accepted by:

Brian Benicewicz, Major Professor
Chuanbing Tang, Committee Member
Donna Chen, Committee Member
John Weidner, Committee Member

Lacy Ford, Vice Provost and Dean of Graduate Studie



© Copyright by Alexander L. Gulledge, 2014
All Rights Reserved.



DEDICATION

This dissertation is dedicated to the people gaze me the inspiration to pursue
my goals, to all the teachers, friends, and faittibt pushed me to go further, and to my

lovely wife whom helped me along the way.



ACKNOWLEDGEMENTS

| would like to thank everyone involved in helpinge complete my Ph.D. Most
importantly, | would like to sincerely thank Dr. iBn Benicewicz for his guidance,
expertise and support throughout my graduate studievould also like to thank my
doctoral committee members, Dr. Donna Chen, DrnJdfeidner, and Dr. Chungbing
Tang for their advice and encouragement during mpPwork.

| would like to express my thanks to past and preselleagues of the Benicewicz
research group for their effort, support and fremgd throughout my time with them. |
would especially like to thank Darren Seel, Jorader, Atri Rungta, Max Molleo, Xin
Li, Kayley Fishel, Jason Hoffman, Ananand Viswanallony Neely, Mike Bell, Lei
Wang, and Junting Li for all their help, suppomdaadvice that helped me further my
own knowledge and accomplishments.

Several people outside of my research group wese @ktremely helpful and
great friends. |1 would like to acknowledge Sandil &inkini Roy, Scott Hoy, Michael
Geer, Chris Hardy, Perry Wilbon, Matt DiCarmine,jie Yo, Jeff Hyatt, Jim Mazzuca
and Onn Wong for all of their help. | would alskdito acknowledge my wife, Shadow
Gulledge. Without her encouragement, love and petiel would not have been able to
achieve as much as | have.

| would also like to acknowledge my family membtrat have provided me with

lifelong support and love, including my dad, WithaR. Gulledge, my brother, William



R. Gulledge Jr., my sister, Donielle Lanier, my mdviadison Bowen, my uncle,
Raymond Lanier, and my grandmother, Othella Biddso, | would like to thank my
lifelong friends outside of graduate school, inehgd but not limited to, Miguel
Hernandez, Daniel Manor, Alex Goff, and Eric Jamidsey have given me support and
motivation throughout my college years.

There are so many people that helped me achiesgdail, far more than just the
ones listed here. | want to thank everyone whodteipe in both big and small ways. |
could not have done this without the help, suppamt friendship everyone has offered.
To everyone who has helped me, motivated me, aed adriend, | say thank you. You

have all helped more than you know.



ABSTRACT

The overall goal of the work presented within thiesis is to investigate,
understand, and develop structure-property relakigs in regards to polymer structure,
membrane stability, and device performance. Praviwork has shown that material
properties such as acid loading, proton condugtivitechanical integrity, and device
performance can be attributed to polymer structcinemical functionality, and polymer
architecture (homo, random, co-polymer etc.). Depelg and understanding these
relationships is critical to the advancement ofl foel technology. Within this thesis,
several of these relationships are investigatedrepaolrted.

Novel polymers and copolymer systems have beenajse@ in this research and
have significantly progressed the understandingaybenzimidazole chemistries. The
research reported herein contributes to the ewesldping pool of knowledge regarding
polybenzimidazole chemistry and material applicagio

Extensive work has been done concerning polymeuctstral design and
investigation with regards to sequence isomerismoutjh the design, synthesis, and
utilization of novel monomer compounds. A novel alia monomer, 2,2'-
bisbenzimidazole-5,5-dicarboxylic acid (BBDCA), svaynthesized and polymerized
with 3,3',4,4'-tetraaminobiphenyl (TAB) to prepaeolymer, termed i-AB-PBI, that
was composed of repeating 2,5-benzimidazole uhits.i-AB-PBI incorporates head-to-

head, tail-to-tail, and head-to-tail benzimidazotléentations. This is in contrast to the
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previously  known AB-PBI which incorporates only adeto-tail benzimidazole
sequences. Until this work, no other AB-type polybenidazole existed. AB-type
polybenzimidazoles are fundamental in the familypofybenzimidazoles because they
only incorporate the benzimidazole motif, i.e. nthes spacer or functionality is
incorporated in the polymer structure. These pelgnwere synthesized and
characterized by molecular weight, membrane conipasiionic conductivity, thermal,
mechanical, and fuel cell performance propertiesdedailed report of this study is
presented in Chapter 3.

This work was further progressed by the studyh&f AB-PBI and i-AB-PBI
random copolymer system. The random copolymer systethese polymers, termed r-
AB-PBI, is unique in that the chemical structumed &unctionality does not change
across the copolymer compositional spectrum. Th&B4PBI copolymer system
introduces a sequence distribution effect with régao benzimidazole orientation, as
well as randomization of benzimidazole sequencevéen two well defined sequenced
AB-type polymers. These polymers were synthesized eharacterized by molecular
weight, membrane composition, ionic conductiviyerimal, mechanical, and fuel cell
performance properties. A detailed report of thejue r-AB-PBI system is described in
Chapter 4.

Another set of random copolymers was developetititarporates the AB-type
polybenzimidazoles and a para-phenyl-polybenzinatafp-PBl). AB-PBI and p-PBI
random copolymers were developed and comparedntiona copolymers of i-AB-PBI
and p-PBIl. The unique combination and contrastroperties in the AB/p-PBI and i-

AB/p-PBI systems provided insight into effects taag from structural modification,
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sequence orientation, stability, and randomizatitime p-PBI and AB-PBI copolymers
address aspects of acid loading, stability, anacgiral modification, whereas the p-PBI
and i-AB-PBI copolymers address comparisons of eegel isomerism and

randomization between two high performance PEM mrad$e All copolymer materials

were characterized by molecular weight, membrameposition, mechanical properties,
ionic conductivities, and fuel cell performances.détailed report of these copolymer
systems and insights gained thereof are descrb€thapter 5.

A sulfonated polybenzimidazole membrane (s-PBpeadbwith sulfuric acid was
utilized for the first time in an all-Vanadium redfiow battery (VFRB). This is the first
reported utilization of polybenzimidazole in an ege storage device. Performance
investigations of s-PBI in a VRFB were conducted @ompared to Nafion 117, and
Nafion 212. The s-PBI membranes developed wereactenized in terms of molecular
weight, ionic conductivity, mechanical properti@sembrane composition, and overall
VFRB performances under a variety of conditionsdétailed report of this work is
provided in Chapter 6.

A sulfonated polybenzimidazole (s-PBI) membranpeatbwith sulfuric acid was
utilized in the Hybrid Sulfur Electrolyzer. This wo is the first report of a
polybenzimidazole material being utilized in a HgbSulfur Electrolyzer. Extensive
research was conducted regarding device performamder a variety of conditions. All
s-PBlI membranes were conditioned through an acichange process, verified by
titration, and characterized in terms of molecweeight, membrane composition,
mechanical properties, ionic conductivity, and elledevice performance. The s-PBI

utilized in the Hybrid Sulfur Electrolyzer was coarpd to Nafion 117 and Nafion 112.
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Prior to this work, high-temperature device opematf a Hybrid Sulfur Electrolyzer had
not been evaluated. A detailed overview of thisknemreported in Chapter 7.

In addition to developments of novel PBI cheméstrand device applications,
extensive work was conducted in regards to the ldpuweent of a new solution
polymerization method for PBI materials. Prior tostwork, polymerization of high-
molecular weight polybenzimidazole in an organitveot had not been reported. The
work conducted resulted in a viable solution polyizetion method of PBI in
dimethylacetamide (DMAc). Through investigation o series of monomer
functionalities, a bisulfite adduct derivative sbphthalaldehyde was developed which
allowed for the synthesis of high-molecular weigl&l in DMAc at high concentrations.
This work has been patented, and provides a pahdynthetic avenue for the synthesis
of a multitude of polybenzimidazole derivatives. |IRRveloped from this process was
characterized in terms of NMR, IR, DSC, TGA, andlenalar weight and compared to

commercially produced PBI. A detailed overviewtlug work is reported in Chapter 8.
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Chapter 1: Introduction



1.1 Energy Demand

Our species, as a whole, has continued to growelde, and consume natural
resources. With the rise of global human populatod technology, our consumption
and demand for energy continues to incre&sgure 1.1 illustrates the global primary
energy consumption over the last twenty three years provides a projected growth
over the next two yearsFossil fuel consumption contributes to more th&fe8f the
total world energy supply and is projected to stidcount for up to 80% of the global
energy supply by 204bGlobal fossil fuel consumption has also contintegrow, and
will continue to do so until alternative energy sms are developed and employed on a
large scaleFigure 1.2 illustrates the growth of global fossil fuel consption over the
past twenty six years.Moreover, conventional technology utilizes head aombustion
engines to convert fossil fuels into usable enefdpe efficiency of these systems, even at
maximum power output, is limited as is realized thg understanding of the Carnot
Cycle? The combustion of fossil fuels such as oil, natugas, and coal results in
pollutant emissions of SQNOx, and CO. These pollutants contribute to the coadiy
rising levels of carbon dioxide in our atmospheral an turn contribute to global
warming and more rapid climate change. In additiornthe harmful and threatening
effects of fossil fuel consumption, these resouraes not renewable. The need for
sustainable clean energy is evident. With the gngwaoncerns of environmental safety
to our planet, as well as the limitation and negateffects of our current energy
consumption, the motivation for development of ralégive clean energy technology has
never been more prominent. Alternative energy seterenergy sources that have no

undesired consequences such as carbon dioxideiensid3<Currently several types of



alternative energy sources are being utilized, uigiclg solar, wind, hydro, and
geothermal. Although these sources provide clearggn they make up for less than
20% of the world’s energy sourcg3he lack of energy provided by currently employed

clean energy approaches highlights the need fatiadal clean energy technologies.

World Total Primary Energy Consumption
(Quadrillion Btu)

90 91 92 93 94 95 96 97 98 99 00 01 02 03 04 05 06 07 08 09 10 11 1213 14 15

Figure 1.1 World total primary energy consumption.

1.2 Introduction of Fuel Cell Technology

1.2.1 History of Fuel Cells

The development of fuel cell technology as we knbteday can be traced back
over 160 years to Sir William Grove's inventiontioé gaseous voltaic cell in 183%e
defined a fuel cell as "an electrochemical devitat tcontinuously converts chemical
energy into electrical energy (and some heat) ag &s fuel and oxidant are suppliéd".

The history and development of fuel cells has bextensively describet™! Initially,



fuel cell technology was very attractive because #nergy efficiencies of other
technologies were very poor. Fuel cells are notegoed by Carnot-efficienéyunlike
combustion engines or batteries, and can theollgti@ahieve much higher efficiencies.
Moreover, the efficiency of a fuel cell is not limd by thermal losses as the
electrochemical cell is driven by the Gibb's-fremmy? released during the chemical
reaction between a fuel and oxidant. Fuel celleHaaen referred to as a "zero emission
engine" because, when hydrogen is used as a folgl water and heat are produced as
byproducts. As the efficiency of other technolsgimproved, the interest in fuel cells
diminished. The intensive research and developroéfitiel cell technology was then
reignited when Francis Thomas Bacon produced tisé gractical fuel cell for Britain's
National Research Development Corporation in 19B8s inspired companies and
government agencies such as NASA to adopt fuel tasthnology and begin
developmental projects. Unfortunately, nearly dlltloe initial development projects
failed to meet performance targets, and nearlyeskarch regarding this technology was
halted by the end of the 1960s. The interest ihdakls was not again renewed until the
1990s when concerns for energy security, economimwt) and environmental
sustainability began to increase.
1.2.2 Types of Fuel Cells and the Application Therd

Since the development of fundamental fuel cell nedbgy, many variations and
applications have been investigated. Fuel cells dassified according to various
parameters such as types of fuel used, fuel primggssperational device temperature,
and several others. The most commonly used andyvateepted method of fuel cell

classification is based upon the type of electeolysed. Classification by the electrolyte



utilized for fuel cell operation leads to the falimg major types of fuel celfS. An
overview of primary fuel cell types is givenTable 1.1

Alkaline Fuel Cell (AFC)

Proton Exchange Membrane Fuel Cell (PEMFC)
Phosphoric Acid Fuel Cell (PAFC)

Molten Carbonate Fuel Cell (MCFC)

Solid Oxide Fuel Cell (SOFC)

arwnE
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Figure 1.2 Global Fossil Fuel Consumptidn.

Table 1.1: Fuel Cell Types and Characteristics

Fuel Cell Type AFC PEMFC PAFC MCFC SOFC
Electrolyte KOH Polymer Phosphoric Acid Molten Carbonats Saixde
Charge Carrier OH H* H* CO* o
Electro- 2. .
. Hz + 20H — v ox | Ho#20H 5 2H0 | H;+COT > HO+ | H+ O —
chemical | Anode | oigs+ze | Mo 2Hr2e +26 CO, + 26 H,0 + 2¢




1 1 < 1 < 1 " 1 "
Cathode 502+Hzo+ 502+28+2H+ 502+Hzo+26—> 502+COZ+26—> 502+Ze—>
2e — 20H — H,0 20H CO?* o*
1 1 1
Net Het30:= | 420, 5 HO | H+topmHo | M1 Q% CO— | H24 0
H.0O 2 2 H.O + CQ H.0
Tgﬁq%g;‘:ﬂfg* 90-100°C 60-120°C 150-240°C 600-700°C 700-1000fC
Typical Stack Size* 10-100 kW 1-100kW 400kW 300kW-3MW 1kW-2MW
Efficiency* 60% 60% 40% 45-50% 60%
e Solid
e Low Cost iz%t(rzzlgte e Higher
Components X temperature
« Cathode g?gg(t)rs(;ﬂeand provides faster | ¢ Fuel Flexibility * IElueexlibilit
Advantages* Reaction management electrode kinetics| o Variety of « Solid y
Faster in problems e Increased Catalysts electrolvte
alkaline o Low tolerance to fuel i
electrolyte temperature cell impurities
e Quick start up
o Expensive o High temperature High
« Sensitive to c art)al ot o Pt catalyst corrosion and * telrgq erature
COZinfuel | | Sensi)t/ive to ¢ Long start up breakdown of cell o e[r)ationu
Disadvantages* and air fuel impurities time components rep Lires
e Electrolyte . Humidirf)ication e Low current and | e Long start up time Ior?g start
management X power e Low power d
requirements density up time
e Electrical . -
. - o Electrical utility .
Application* * Military utility e Transportation o Electrical utility * EI_eptrlcaI
e Space e Portable power utility
. o Portable power
e Transportation

*: Information obtained from U.S. Department of Eme*

Fuel cell devices operate over a range of tempestiased on the configuration,
fuel used, and electrolyte incorporated as illisttain Table 1-1. Fuel cell device
variation has developed in parallel with the disrees of additional utilizable fuels and
operational configurations. This development is t@the evolution of the technology as
one device cannot be considered sufficient for @dwer applications. Fuel cell
technology has developed in such a way that thécapipns have become diverse. Fuel
cells can be used for stationary and portable egipbins, and among these can serve
several practical functions. Stationary applicadiomere the first developed with this
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technology, to simply provide power. In generaklfcell systems achieve approximately
40% fuel-to-electricity efficiency” With further development, it was realized thatsthe
devices could be utilized for combined power andthapplications, as heat is a
byproduct of the electrochemical reaction which W discussed in further detail later in
this thesis. With the utilization of the producedah captured for cogeneration, the
efficiency of the device can be increased up to 8&#ile also reducing energy costs
related to operatiolt. To date, stationary fuel cells for combined heat gower
applications are utilized across the US and otbenties around the world in buildings
such as hospitals, schools, and utility power gl&htUsed as either grid-independent
power generators, or directly connected to grid grofer supplementation, these systems
provide clean, environmentally friendly, power atigives when compared to
conventional power obtained from the burning ofl @l fossil fuels.

In contrast to stationary applications previouslgsaibed, fuel cell device
technology has also evolved to encompass portappdications. Portable fuel cell
applications primarily serve to provide power irag@ of batteries. Considering the
substantial $11.7 billion a year global batteryusity’’, the development of portable
applications has been a significant milestone foe tontinued development and
utilization of this technology. Portable fuel cedse much lighter than batteries, have
been shown to last longer, and generally incorporaethanol as a fuel sourte.
Moreover, these devices have been demonstrate@ @pplicable to small electronics
such as laptop computers and cell phdiieshile providing a significant advantage of
higher energy density. Fuel cells have the potembisachieve energy densities up to

sixteen time higher than that of conventional lithiion batterie$° One of the primary



implementations of portable fuel cell devices isuurfd in the automotive industry.
Companies such as Nissan, Honda, Fiat, and numetbass have been researching and
developing these applications over the past twoadies’ Hybrid vehicles which
incorporate alternative fuels such as hydrogenmaethanol are considered to be the next
generation of development in the automotive ingusthis development is further driven
by the limitations and cost of conventional nonewable hydrocarbon fuels. The rise in
concern for environmental standards, the limitegppbu and increased costs of
conventional hydrocarbon fuels, and the increasefusl cell device applications,
substantially contribute to the growth and develeptrof this innovative technology.
1.2.3 Mechanism of Fuel Cell Operation

Knowing the implications and applications of fuells is an important aspect for
those who work in the field, however, a detailatterstanding of how a fuel cell
operates is still required. Understanding the dpmraof a fuel cell begins with the
construction. A fuel cell does not incorporate angchanically moving parts which
results in low mechanical maintenance and osor illustrative purposes within this
thesis the electrochemical mechanism and congiruadf a polymer electrolyte
membrane (PEM) fuel cell will be described. In gahe a fuel cell is composed of a
membrane electrode assembly (MEA) sandwiched betweas diffusion layers which
are encompassed by graphite plates with gas flamradls. The flow plates are then in
direct contact with current collectors, which ansulated and encased by anode and
cathode endplates. The entire device is then ddibgether with a set degree of

compression. The construction of a PEM fuel cellustrated inFigure 1.3



Current collector >
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Figure 1.3: lllustration of a polymer electrolyte membranelfoell constructiorf>

The core component of a fuel cell is the membradeetrde assembly (MEA). In
a PEM fuel cell, the MEA consists of a polymer meam, two porous
electrochemically conductive electrodes, and ositgr-gaskets. The polymer membrane
used in PEM fuel cells consists of polymer matrigped with an electrolyte that
facilitates proton conduction. The porous electepoitally conductive electrodes,
typically platinum or platinum alloy supported oarlon, is in contact with the polymer
electrolyte membrane on both the anode and catsiddeof the MEA, and comprises the
catalyst layer and gas diffusion layer respectivEipally, the MEA is completed by the
addition of sub-gaskets which encompass the ourteof the assembly to allow for safe
handling. The components of the MEA are then typjideot pressed to a given degree of
compression to fuse these components into a singte Once assembled, the MEA is
sandwiched between to graphite plates with gas ibannels. This allows the gaseous
fuel of the cell to pass over the surface of theAylgenetrate the gas diffusion electrodes
and electrochemically react. As previously mentchneurrent collectors and insulators
are placed outside of the graphite flow plateslkmnafor the application of an external

voltage without electrifying the outer endplategpitally steel). The device assembly is



completed when the outer endplates are bolted hHegetvith a given degree of
compression.

Understanding the construction of a fuel cell idygpart of understanding the
technology of the device. To gain a complete urtdadsng, one must also understand
the electrochemical processes that occur withircétle All the electrochemical processes
of a fuel cell occur at and within the MEA. An oviaw of the electrochemical processes
of a PEM fuel cell are depicted iRigure 1.4 A gaseous fuel such as hydrogen is
supplied at the anode side of the fuel cell whepenetrates the gas diffusion layer and
reaches the electrode catalyst layer. When an re{teoltage is applied to the cell, a
catalytic electrochemical reduction of the hydrogeth occur when the molecules of the
gas are in contact with platinum. This results he separation of hydrogen gas into
protons and electrons. The electrons are instaotshe shuttled through the external
circuit of the cell, while the protons diffuse thugh the polymer electrolyte membrane.
The polymer electrolyte membrane must be able tiitkte proton diffusion while
simultaneously inhibiting electron diffusion or arction in order for the device to
operate. This process will be discussed in furthetail later in this thesis. Once the
protons diffuse through the polymer electrolyte rbesne, they are then catalytically
oxidized on the cathode side of the cell when tkiglamt gas, platinum, and protons
meet. As previously defined, a fuel cell is an #xhemical device that will
continuously provide heat and power as long asdndloxidant are suppli€édlypically
air is used as an oxidant gas which contains aumaxbf gaseous species, of which,
oxygen participates in the electrochemical oxidati®Gince air is comprised of

approximately 23% oxygén it can be used as an oxidant gas. The electrdchetmalf

10



reactions and overall net reaction which occur rurine device operation are listed

below.

Electric Circuit
{40% - B0% efficiency)

Q0 <— Ouygen gas

Fued input
{hurmidified {freem air) imput
hydragen gas)

Anode R Heat (85 °C)

& = Air + Water output

Unused hydrogen {1,='

gas output recirculated
/ |' | \\
|
|

Gas Catalyst FEM Catalyst Gas
diffusian slpctrode | membrane|  electrode | diffusion
backing layar layer backing
L Creygen gas from
Hydrogen gas from L b air in serpintine fow
sarpintine flow field - & - field finds & patiuway]
finds a pathway to Pathway of o catalyst layer
catalyst layar ‘ hilresgan jo
cunchiction L
Fathvway of watar
. " ﬂ Trom eatahyet layer
Carben nanoparticles Patfreays of slectron
P Flatinum caftahyst canditian

Figure 1.4: Overview of electrochemical processes within aerapng PEM fuel ceff?

Anode: H, — 2H" + 2¢ Equation 1-1
Cathode: ~ O, + 26 +2H" — H;0 Equation 1-2
Net: H2 +§ 0O, — H,0 Equation 1-3
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1.3 Introduction of Polymer Electrolyte Membrane Materials,
Polybenzimidazole (PBI), and PBI Applications in Fel Cells

1.3.1 Introduction to Polymer Electrolyte MembraneMaterials

Perhaps the most essential component to the gewveltt and operation of PEM
fuel cells is the polymer electrolyte membrane. drder for the device to function, the
polymer electrolyte membrane must meet severatr@it The required properties of a
material candidate for PEM fuel cell operation aseollows:

a. The ability to facilitate proton conduction in affi@ent manner

b. Inhibition of electrical conduction

c. Low gas permeability to segregate the fuel andantidiases supplied

d. Mechanical robustness sufficient to withstand gasgure and cell
compression

e. Chemical and thermal stability in the environmeinl@vice operation

There are many other desired chemical and mhbtpr@perties of polymer
electrolyte membranes such as low cost and easkboication when considering
candidates for fuel cell operation. With these rexruents and desirable attributes, there
is a relatively limited pool of candidates from whito select such a material. Early
developments of polymer electrolyte membranes (e¢derred to as proton exchange
membranes) resulted in proton-conducting polymetis poor tensile strengths and little
resistance to crackirf§.In 1996, Dupont developed what is currently thesmaidely
used class of polymer electrolyte membranes in ceroia production. This class of
materials is known as perfluorosulfonic acid (PF®#gmbranes. One subclass of these

membranes, trademarked Nafforwas developed by Dupont and met the previously
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stated requirements for a desirable polymer elgt&anembrané’ The development of
Nafion® was a derivation of a previously published pemftusulfonic acid material
developed by DOW chemical in 1988The chemical structures of Nafidrand Dow

Chemical's PFSA materials are showrrigure 1.5

a) b)
%CF2—0F2H0F2-9F+ %ca-caﬁca—q%
n O X n 9 X
CF,

FC—CF, .
5 cr,
CF, SO4H
CF2
SO H

Figure 1.5: Structure of perfluorinated polymers frayDupont and) Dow Chemical

The chemical structures used in PFSA membranes camaprised of a
polytetrafluoroethylene (PTFE, Dupont trade namd&ofh€ ) backbone. The Teflbh
backbone of the two PFSA membranes illustratediguré 1-5 provide a substantial
hydrophobic character to the materials. Due toith@iscibility between the backbone
and side chains of PFSA membranes, an ion-cluster@ghology results where the
Teflon-like backbones of the polymer form semicajigie hydrophobic regions and the
pendant sulfonic acid groups form micelle-like @osters in a hydrophilic region of the
polymer membrane's morphology.The semicrystalline and micelle-like ion cluster
morphology is depicted ifrigure 1.6 The resulting structural properties exhibited by
these materials exhibit a proton transport meclarfigat is highly dependent upon the
presence of water as an electrolyte. The protamsprart mechanism of water was first

described by Theodor Grotthuss in 1808nd later termed the Grotthuss mechanism for
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proton transport® As a result of the mechanism utilized, the protomductivity and
subsequent fuel cell performance are largely dep@nabon the amount of water content
in the membrane. Thus, water management in PFSédfagl cell systems is a critical
issue to address. Typically, water managementngr@ed by monitoring and adjusting
humidification of the reactant gasses in the aalid removing excess water produced
during the reaction at the cathode of the cell. &heve mentioned water management
requirements for the operation of PFSA membranedésel cell imposes a significant
limitation to the operational temperature of thevide. Fuel cells based on PFSA
membranes which use water as an electrolyte campertate reliably at temperatures
above 100°G? This limitation has led to the pursuit of PEM nrihs that can operate at

higher temperatures (>100°C).

Figure 1.6: Phenomenological based Yeager Three Phase Mot fiafn®
morphology?*
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1.3.2 Approaches to High Temperature (>100°C) Polyer Electrolyte Membranes

Fuel cell efficiency can be increased significantly operating at elevated
temperatures (>100 °Gj.Higher operational temperatures have been shovpmadide
advantages such as faster electrode kinetics,dseceresistance to fuel impuritiéand
simplified water and thermal managem&hiThe pursuit of PEM materials that can
operate at temperatures at or greater than thegpgbint of water has followed two
primary approaches. The first approach would baeteelop a proton conductive material
that can retain water above the normal boiling p@in0°C). This approach is seen as the
first logical step when considering how to overcaime issues associated with water loss
at higher temperature, and has been approachednframy angles. The most extensive
research using this approach is focused on inotfganic composite membranes.
Composite membranes consist of a polymer matrixvimch inorganic or inorganic-
organic solid particles are dispersed. Both pratonductive polymer matrixes such as
Nafion® *"*8 sulfonated polyetheretherketones (sPE®) and non proton conductive
matrixes such as Tefléh** have been developed for this approach. Moreoves, t
inorganic fillers can also be highly proton condgtsuch as heteropolyacfdé® and
phosphonatés or low to non-conductive such as sifit2 and zirconi&'. Over the past
several decades researches have been developingnerpensive polymer materials
with good thermal stability, mechanical stabilignd reasonable proton conductivity at
higher temperatures. Typically these polymers &@insi sulfonic or phosphonic acids

attached to the polymer main chain which facilitateton conduction when in contact

with water. However, PEM membranes developed froim approach rely on water for
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proton conduction, and cannot achieve operati@mperatures greater that 160°C due to
insufficient water retention at those temperaturésgel cells operating with these
materials also require high operating pressure #ntain suitable water content at
elevated temperatures (>100°C).

The second approach to the development of higipeéeature PEM fuel cell
materials utilizes alternative electrolytes for toro conduction other than water. These
alternatives include high boiling point moleculeslare generally amphoteric in nature.
Theoretically, any amphoteric molecules can be asegroton conductors. However, not
every amphoteric molecule exhibits high proton eanivity, especially in the pure state.
To date, the most common proton conductors arepbioos acid or nitrogen-containing
aromatic heterocyclic molecules.

Much research has gone into the development ofnalige dopants for high-
temperature PEM fuel cells, such as phosphoric @), and has been recently
reviewed® Phosphoric acid, which can form hydrogen bondiegworks due to its
unique structure, is a very good proton condudsropposed to water, phosphoric acid
is an intrinsic proton conductor as a consequefidts tigh degree of self-dissociation
and a very high mobility of protonic charge casi€r*’ Eighty five percent phosphoric
acid has a conductivity of 0.053 S/cm at 30°C whiebults from its extensive self-
dissociatior®*° In addition to the self-dissociation process, pimasic acid undergoes
auto-dehydration at high temperatufédhis has led to extensive work on phosphoric
acid doped polymer electrolyte membranes for felapplications.

The majority of phosphoric acid doped polymers hsas PEI-xHPO,***2 PEO-

XxHsPO>®, PVDF- xHPO>* and PMMA- xHPQO,>, can only be used for low
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temperature applications due to their poor meclahnc chemical stability at high
temperatures. Other phosphoric acid doped polyrsbsv good properties at high
temperatures and low relative humidity such as {eWnylpyridinium and derivatives
thereof’® The most extensively studied material among al phosphoric acid doped
polymers investigated to date, showing high promenductivity’, low reactant
permeability®, good thermal and chemical stabilityhigh fuel impurity toleran®8 and
good fuel cell performance at temperatures up 1@ QOunder low relative humidity
condition§?, is polybenzimidazol&®
1.3.3 Introduction to Polybenzimidazole

A polybenzimidazole (PBI) can be formed througtpaycondensation of a
diacid and tetra amine, as shown $theme 1.1 As with any polycondensation
polymerization and, as defined by the Carotherlsaéiqri>, an exact stoichiometric ratio
is needed for the synthesis of high molecular wejblymer. Typical syntheses of
bisbenzimidazoles involves a reaction between flsephenylenediamines with a
diacid or diamide in HCI or polyphosphoric acid @B* Synthesis of 2-substituted
benzimidazoles from the reaction ofphenylendiamine with an imidate are also well
known®® Synthetic knowledge of these procedures can easilgpplied to polymeric
systems when di-functional monomers are incorpdrai@-functional monomers with
various R groups and can be used to produce atyarfigoolybenzimidazole derivatives

(Scheme 1.1)
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Scheme 1.1Reaction of a tetra amine and a diacid to forpolgbenzimidazole.

In 1959, the first aliphatic PBI was developed binBer and Robinsoff Shortly
afterwards came the first development of an aramB®8| by Marvel and Vogel in
1961%" In 1983, Celanese commercialized one type of msigbnidazole (meta-PBI,
poly(2,2'-m-phenylene-5,5"-bibenzimidazole), as wvamo in Figure 1.7 This
commercialized polybenzimidazole was developed use as fibers and textiles for

thermal protective clothing and fire blocking applions>®**

H H
AT LY

Figure 1.7: Poly(2,2'-m-phenylene-5,5'-bibenzimidazole)

X

Of all the derivations of polybenzimidazoles, theraatic PBIs have received the
most attention due to their excellent thermal amehaical resistance properties. Aromatic
PBIs do not have a melting point due to their latkcrystallinity and exhibit very high
decomposition temperatures. In addition to theghhtemperatures of decomposition
(>500°C), they are practically insoluble in mosgamic solvent$? Moreover, PBIs have
shown outstanding stability when exposed to inoigacids and bases when compared
to other high performance fibers such as Nomexeuat. %%

Industrially, polybenzimidazole is polymerized by tavo-stage melt-solid
polymerization process. Diphenyl isophthalate (DRIRd tetraaminobiphenyl (TAB) are
reacted in bulk to produce the meta-PBI prodfidthe condensate of this reaction is a

gas, and subsequent crushing of the resulting fdaneloped in the first stage is
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required. The second stage then involves rehedtmdpow molecular weight polymer in
the solid state to synthesize high molecular weggitymer at temperatures as high as of
400°C. The phenol gas by product of this react®mazardous and must be carefully
collected and treated. The final product is a nhombgenous product that is separated
based on particle size and molecular weight. Riegulpowders from the bulk
polymerization are then dissolved at high tempeeat@and pressure in N,N-
dimethylacetamide (DMACc), often with added LiCl as aid to the dissolution process.
The polymer dope solution is then filtered and spoto fibers for commercial
application. These resulting fibers are then used eaw material for thermally resistant
fabrics and fire blocking applications.

In contrast to melt or bulk phase polymerizatiorthods, solution polymerization
for the synthesis of high molecular weight polyhendazole can be conducted with high
boiling point solvents such as N,N-dimethylacetaani(DMAc) dimethylsulfoxide
(DMSO) and N-methyl-2-pyrrolidinone (NMP5J*® Polyphosphoric acid is also a
powerful solvent for the synthesis of polybenzinziole polymers?® Polyphosphoric acid
is composed of various condensed phosphoric a@dmkrs. When polybenzimidazole
is polymerized in polyphosphoric acid solution, th&lvent serves multiple purposes,
acting as an acid catalyst and a dehydrating d&ilymerization of polybenzimidazole
in polyphosphoric acid solution has several adwgagaover current commercial bulk
polymerization methods including:

1. Polyphosphoric acid can activate monomers by fogmerious phosphoric
anhydrides.

2. Polyphosphoric acid solution polymerizations arenbgenous
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3. Cost effective monomers can be used in place o€regpensive ester
derivatives
4. Polyphosphoric acid is a non oxidative medium
On the contrary, there are several disadvantagessioiy polyphosphoric acid as a
condensation solvent commercially. These include:
1. Corrosive characteristics of polyphosphoric acid

2. Limited solid content of polymer in solution

w

. Multiple step isolation required for obtaining pb&nzimidazole

N

. High yields of phosphate waste
Considering the advantages and disadvantagesifay pslyphosphoric acid as a solvent
for the commercial polymerization and production paflybenzimidazole, the above
mentioned melt-solid state method is still utilizédday. Although synthesis of
polybenzimidazole in polyphosphoric acid has natvpd to be the most optimal route
for commercial fiber production, it is a well sutenethod for the development of
phosphoric acid doped polybenzimidazole membranes.
1.3.4 Phosphoric Acid Doped Polybenzimidazole andh& Preparation Thereof

First proposed by Litt and investigated by Savinkitt, and Wainright et al. at
Case Western University, phosphoric acid doped h@molygimidazole emerged as a
promising candidate for a low-cost and high perfamge membrane material applicable
to high temperature polymer electrolyte membranel faells®®0%6°68.69.73,77.100-105
Polymer electrolyte membranes of polybenzimidazded with phosphoric acid

combine the chemical and thermal advantages ofbpakimidazole with the low

volatility and high proton conductivity of phosploracid, leading to a promising
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material candidate for high temperature PEM fudl applications. These membranes
have significant advantages in PEM fuel cell agglans over PSFA membranes
including:

1. High temperature operational capabilities

2. High proton conductivity at elevated temperatures

3. Low reactant permeability

From an engineering perspective, it is understbatithe material processing can
greatly affect the final membrane properties. Quifye there are two methods for the
synthetic preparation and processing of phosphadd doped polybenzimidazoles;
conventional synthesis in the melt-solid polymer@a process, followed by dissolution
in DMAc, phosphoric acid imbibing of the film, argynthesis in polyphosphoric acid
followed by an induced solution-to-gel transition.

Conventionally, preparation of phosphoric acid dbppolybenzimidazole
membranes for fuel cell applications starts withntegsis by the melt-solid
polymerization process, and dissolution of the pwy in a high boiling point solvent,
such as N,N-dimethylacetamide (DMAc). In some repdhe polymer was fractionated
to isolate higher molecular weight portions. Higbletular weight polymer is necessary
to meet the mechanical requirements of such memabra®nce isolated, the high
molecular weight polymer was then re-dissolved smdsequently cast into a thin film.
These films were then thoroughly dried and wash#&l water to remove any trace of
solvent. Once the solvent was sufficiently removéd films were then soaked in a
phosphoric acid bath at a known concentration tmlpce an imbibed phosphoric acid

doped polybenzimidazole membrane. These membraoelsl de utilized for MEA
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fabrication and subsequent fuel cell performancaduations and device operations. The
process of conventional imbibing is depicted Figure 1.8 This process results in
phosphoric acid doped polybenzimidazole films wilpproximately 6 moles of
phosphoric acid per mole of polymer repeat unit /@4). Moreover, this multi-step
process is time consuming, costly, and requiresuieeand waste management of large

amounts of organic solvents with respect to thewarhof material produced.

Extract 250°C Filter | cast Solvent
60-100psi | | ' Eilm | | Evaporation [
140°C

1

Wash in -
—»  boiling | bry || Acid | .| DopedFilm
water doping

~ 6 PA/PBI molar ratio

Figure 1.8 Multi-step conventional process for producing gptworic acid doped
polybenzimidazole membranes for high-temperatueédall applications

An alternative more direct method of developing gptwric acid doped
polybenzimidazole membranes was later developealbyesearch group (Benicewicz et
al.). This process was termed the PPA prd@asd successfully produces phosphoric
acid doped polybenzimidazole membranes with mudhédri acid loadings that the
previously described conventional imbibing methimdaddition to higher acid loadings,
the membranes developed by the PPA process eximproved mechanical properties

and fuel cell performances when compared to comweaity imbibed membrane$§®
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In the PPA process, polyphosphoric acid is utilizsda polymerization solvent
and condensation agent for the reaction of tetmesniand diacids. As these
functionalities react to form oligomer and subsetdymmlymer units, water is produced as
the condensation product. Polyphosphoric acid d&isstne water, helping to shift the
reaction equilibrium to the formation of product.s Apreviously mentioned,
polyphosphoric acid is an excellent solvent for gwymerization of high molecular
weight polybenzimidazole. Once polymerized, theypwr solution is directly cast onto
glass plates at temperatures upward of 220°C. Simakyphosphoric acid and
polybenzimidazole are both hygroscopic, water isodbed from the atmosphere or
surrounding environment. This results in hydrolysis polyphosphoric acid into
phosphoric acid. In contrast to polyphosphoric adtiding a good solvent for
polybenzimidazole, phosphoric acid is not. The biyhis of the solvent results in an
arrested precipitation of polybenzimidazole, and haen described as a solution-to-gel
or sol-to-gel state transition. Our observationstted PPA process are summarized in

Figure 1.9

115% Monomers —————— Polymer, Film casting

Gel

PPA Conc.

85%

Temperature

Figure 1.9 State diagram of the PPA procE8s
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Experimental evaluation of the PPA process hasatedea window of gel
stability of these films. This is depicted Figure 1.9 as the shaded region. If the
temperature of the material is raised high enotlghgel membrane will revert back to a
solution state. This is due to the solubility of IHB phosphoric acid increasing with
increased temperature. It should be noted thag#liso-sol transition generally occurs at
temperatures greater than 200°C and is not probiemvaen considering these materials
for high temperature PEM fuel cell operations whitipically employ operational
temperatures between 120°C and 180°C. It shoutdtesoted that the above mentioned
window of gel stability changes with variation dfemical structure and functionality of

polybenzimidazoles.
1.4 Scope of Research

The overall goal of the work presented within thiesis is to investigate,
understand, and develop structure-property relskigs in regards to polymer structure,
membrane stability, and device performance. Previmork has shown that material
properties such as acid loading, proton condugtivitechanical integrity, and device
performance can be attributed to polymer structcinemical functionality, and polymer
architecture (homo, random, co-polymer etc.). Depwlg and understanding these
relationships is critical to the advancement ofl feedl technology. Within this thesis,
several of these relationships are investigatedepaoirted.

With the abundance of synthetic knowledge availdbtiay, the possibilities of
monomer combinations and compositional ratios af RBIs are theoretically endless.
Novel polymers and copolymer systems have beenlass@ in this research and have

significantly progressed the understanding of peh#imidazole chemistries. The
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research reported herein contributes to the evwesldping pool of knowledge regarding
polybenzimidazole chemistry and material appliaagio

Extensive work has been done concerning polymeuctsiral design and
investigation with regards to sequence isomerismoutljh the design, synthesis, and
utilization of novel monomer compounds. A novel alia monomer, 2,2'-
bisbenzimidazole-5,5'-dicarboxylic acid (BBDCA), svaynthesized and polymerized
with 3,3',4,4'-tetraaminobiphenyl (TAB) to prepaeolymer, termed i-AB-PBI, that
was composed of repeating 2,5-benzimidazole ufits.i-AB-PBI incorporates head-to-
head, tail-to-tail, and head-to-tail benzimidazoléentations. This is in contrast to the
previously  known AB-PBI which incorporates only adeto-tail benzimidazole
sequences. AB-PBI was first developed in the e&8%0s and has been extensively
studied by numerous research grotiyg™ Until this work, no other AB-type
polybenzimidazole existed. AB-type polybenzimidazobre fundamental in the family
of polybenzimidazoles because they only incorpoth&e benzimidazole motif, i.e. no
other spacer or functionality is incorporated ie tiolymer structure. Development of
this innovate sequence isomer, i-AB-PBI, providadaportunity to study the effects of
sequence isomerism in a fundamental polybenzimidator the first time. These
polymers were synthesized and characterized insterirmolecular weight, membrane
composition, ionic conductivity, thermal, mechahicand fuel cell performance
properties. Thorough investigations of the new sega isomer revealed significant
changes and improvements in the material's pragsestinen compared to that of the
known AB-PBI. A detailed report of this study isepented in Chapter 3 of this thesis, as

reported in the Journal of Polymer Sciefte.

25



This work was further advanced by the study of &®-PBI and i-AB-PBI
random copolymer system. The random copolymer systethese polymers, termed r-
AB-PBI, is unique in that the chemical structumed &unctionality does not change
across the copolymer compositional spectrum. Th&B4PBI copolymer system
introduces a sequence distribution effect with régao benzimidazole orientation, as
well as randomization of benzimidazole sequencevdxet two well-defined sequenced
AB-type polymers. This unique copolymer systemvpted insights into how properties
of fundamental polybenzimidazole polymers are afecwith regards to sequence
distribution and orientation. Moreover, non-intuéiresults were obtained in regards to
solubility effects, glass transition (Tg) effecésd thermal stabilities of these polymers.
These polymers were synthesized and characterizeterms of molecular weight,
membrane composition, ionic conductivity, thermahechanical, and fuel -cell
performance properties. Detailed investigationshia work led to the understanding of
how ordered polybenzimidazole structure properdiesaffected through benzimidazole
sequence distribution and randomization. A detailegort of the unique r-AB-PBI
system is described in Chapter 4 of this thesisiepsrted in the Journal of Polymer
Science™®

Another set of random copolymers was developetititarporates the AB-type
polybenzimidazoles and a para-phenyl-polybenzinaéazp-PBIl). p-PBI is a high
performance, commercially produced polybenzimidazthat has been thoroughly
studied due to its significantly desired properiieserms of fuel cell applications. AB-
PBI and p-PBI random copolymers were developedcanapared to random copolymers

of i-AB-PBI and p-PBI. The unique combination arahtrast of properties in the phenyl-
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AB and phenyl-iIAB systems provided insight into eefls resulting from structural
modification, sequence orientation, stability dsigr, and randomization. The p-PBI and
AB-PBI copolymer system addresses aspects of aading, stability, and structural
modification, whereas the p-PBl and i-AB-PBI systeaddresses comparisons of
sequence isomerism and randomization between tglo performance PEM materials.
The comparative evaluation of both copolymer systgrovided greater insight and
applicability to PEM material design than analysfi®ither system alone. All copolymer
materials were characterized in terms of molecwarght, membrane composition,
mechanical properties, ionic conductivities, andl tell performances. A detailed report
of these copolymer systems and insights gaine@dhare described in Chapter 5 of this
thesis, as reported in the Journal of Polymer SeiEf

Work in regards to expanding the electrochemialiak applications of PBI
materials was conducted. A sulfonated polybenzimottamembrane (s-PBI) doped with
sulfuric acid was utilized for the first time in aall-Vanadium redox flow battery
(VRFB). In contrast to fuel cells, which are enepnversion devices, VRFB systems
are energy storage devices. Energy storage is @&ethe utilization of large-scale
renewable energy from solar, wind, and thermal uesss. This is the first reported
utilization of polybenzimidazole in an energy stggadevice. Performance investigations
of s-PBI in a VRFB were conducted and compared &biad 117, and Nafion 212.
Nafion materials are currently the industrial stamid for VRFB applications. The PBI
membranes were found to have comparable and imgrpgdormance properties when
compared to the Nafion materials. The s-PBI mendsamere characterized in terms of

molecular weight, ionic conductivity, mechanicabperties, membrane composition, and
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overall VRFB performances under a variety of candg. A detailed report of this work
is provided in Chapter 6 of this thesis, as regbinethe Journal of Power Sources.

Other work regarding the expansion of electrocleaimdevice applications for
polybenzimidazoles was conducted. A sulfonated hErgimidazole (s-PBI) membrane
doped with sulfuric acid was utilized in the Hybr&ulfur Electrolyzer. The Hybrid
Sulfur Electrolyzer is an electrochemical energywarsion device that produces pure
hydrogen and has significant large scale applinatia nuclear power plants by utilizing
the thermal output of the reactors that is curyediscarded in cooling towers. This work
is the first report of a polybenzimidazole materaing utilized in a Hybrid Sulfur
Electrolyzer. Extensive research was conductedrdeyp device performance under a
variety of conditions. All s-PBI membranes were @itioned through an acid exchange
process, verified by titration, and characterizederms of molecular weight, membrane
composition, mechanical properties, ionic condutgtivand overall device performance.
The s-PBI utilized in the Hybrid Sulfur Electrolyzezas compared to Nafion 117 and
Nafion 112. Nafion derivatives were the only maikiutilized for this electrochemical
device prior to this work. s-PBI was found to hawnparable properties to the Nafion
materials studied. Moreover, utilizing s-PBI allalvdor high-temperature device
operations that cannot be achieved using Nafionenads$. Prior to this work, high-
temperature device operation of a Hybrid SulfurckEtdyzer had not been reported. A
detailed overview of this work is reported in Crepl of this thesis, as reported in ECS
Electrochemistry Lettet$’ and the Journal of Power Sourcgs.

In addition to developments of novel PBI cheméstrand device applications,

extensive work was conducted towards the developmain a new solution
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polymerization method for PBI materials. Prior tostwork, polymerization of high-
molecular weight polybenzimidazole in an organitveot had not been reported. PBI is
produced commercially through two processes, thé PRocess®® which utilizes
polyphosphoric acid to produce gel membranes dapéd phosphoric acid, and one
involving a combination melt-solid-phase polymetiaa which is non-homogenous. The
limited methods of development available are adtliresult of the poor solubility of
polybenzimidazoles. The work conducted in this ihaesulted in a viable solution
polymerization method of PBI in dimethylacetami@MAc). Through investigation of a
series of monomer functionalities, a bisulfite actdderivative of isophthalaldehyde was
developed which allowed for the synthesis of higbleaular weight PBI in DMAc at
high concentrations. This work was an extensiopref/ious attempts made in the early
1970s by Marvel and Higgins® Their work utilized this monomer functionality,
however failed to produce high-molecular weight PBhe key to success with this
solution process was discovered through polymeodzatoncentration studies. High-
molecular weight PBI was produced only at very higaction concentration conditions,
not previously explored. This work has been patéraed provides a practical synthetic
avenue for the synthesis of a multitude of polyl@ntazole derivatives. PBI developed
from this process was characterized in terms of NMR DSC, TGA, and molecular
weight. A detailed overview of this work is repdtin Chapter 8 of this thesis, as
reported in the Journal of Polymer Sciefte.
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2.1 Materials

Teraphthalic acid was purchaced from Amoco ChemicaMethyl-2,2,2-
trichloroacetimidate (98 %) was purchased from Ac@rganics and used as-received.
TAB monomer, 3,3',4,4'-tetraaminobiphenyl (polyngeade, ~97.5 %) was donated by
Celanese Ventures, GmbH (now, BASF Fuel Cell) asetilas-received. Polyphosphoric
acid (115 % concentration) was purchased from Aldand used as received. Phosphoric
acid (85 %) and common solvents(e.g., DMSO, MeOtQHEetc.) were purchased and
used as-received from Fisher Scientific. Vanadidetteolyte solutions were prepared
from V(IV) sulfate oxide hydrate (99.9%, metals ibasand sulfuric acid (96%)
purchased from Alfa Aesar as well as de-ionizedewaCP-ESA carbon paper was
obtained from SGL Carbon Group and used as-recelNafion NR-211 and Nafion 117
membranes were purchased from lon Power and usegt@sed. Purification of 3,4-
diaminobenzoic acid (DABA) (10 g, Acros, 97 %) wamnducted via recrystallization
from water/methanol (480 mL/160 mL) using activatedbon yielding pink/tan crystals
after vacuum drying, 75 %, m.p. 216.8 °C

2.2 Instrumentation and Characterization Techniques

FT-IR spectra were recorded on a Perkin Elmer $peci00 using an attenuated
total reflection (ATR) diamond cell attachmeftl-NMR were recorded using a Varian
Mercury 300 spectrometer. Mechanical propertieseweeasured in tension using an
Instron 5543A with an extension rate of 5.0 mm/and were preloaded to 0.1 N @ 3

mm/min using a 250 N load cell.
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Inherent viscosity (l.V.) measurements were cotetlicusing a Cannon
Ubbelohde (size 200) viscometer at a concentraifdh2 dL/g in Sulfuric acid (E8Oy)
at 30.0 °C. A small amount of polymer solution vpascipitated in water and neutralized
with 0.1 N ammonium hydroxide. After thoroughly &gy with water, the sample was
dried under vacuum overnight at 120 °C and thesotired in HSO, using a mechanical
shaker. Recorded 1.V. values are an average oé tbeparate measurements and were
calculated as previously reported.

The phosphoric acid contents in the membranes aldeened via titration using a
Metronm 716 DMS Titrino automated titrater and ansfardized 0.1 M sodium
hydroxide solution following procedures reportedeviously? Phosphoric acid
concentrations were expressed as moles of PA pkr ofigpolymer repeat unit or moles
PA per benzimidazole unit.

lonic conductivities were measured using a quadoke alternating current
impedance method which utilized a Zahner IM6e spentter operating in the frequency
range of 1 Hz to 100 kHz. A rectangular sectiorthef polymer membrane was cut with
the dimensions of 3.5 cm x 7.0 cm and was placeal anglass cell connected to four
platinum wire current collectors. Current was sigiplto the cell through two outer
electrodes which were set 6.0 cm apart, while thiengial drop was measured by two
inner electrodes which were set 2.0 cm apart. heriand outer electrodes of the glass
cell were positioned on alternating sides of thémper membrane to obtain through-
plane bulk measurements of ionic conductivity. Agrammable oven was used to house
the cell so that a measure of the temperature diepee of the proton conductivity for

the cell could be obtained. Two series of measunsnef the conductivity were
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conducted subsequently. The first series of measmes were conducted from ambient
temperature to 180 °C, at intervals of 20 °C, witl5 min pause at each temperature
interval for thermal equilibrium prior to measurame The second series of
measurements were subsequently conducted in the sammner to obtain the ionic
conductivity of the membranes under anhydrous d¢mm$i. A Nyquist Plot was
constructed to fit the experimental curve of thegtance across the frequency range. The
conductivities were calculated at different tempaes from the membrane resistance

obtained usindgequation 2.1

D
T (W+T*R)

Eq2.1 o

whereac is the ionic conductivity, R is the resistance swad, W and T are the width
and thickness of the membrane respectively, ansl the distance between the two inner
electrodes.
Membrane Electrode Assembly (MEA) Fabrication and kel Cell Testing

MEA's were fabricated by hot pressing a membrai2€ 6 compression) sample
between two platinum doped carbon electrodes, aadk 60O crfi in area (45.15 cfn
active area). Gas diffusion electrodes, with aiplem loading of 1.0 mg/cf were
obtained from BASF Fuel Cell. A Kapton framework svalso incorporated to add
stability to the MEA, and to allow handling withodamaging the MEA. The MEA was
placed into a single-cell fuel cell apparatus festing. The gas flow plates used were
graphite with duel gas channels on the anode gold gas channels on the cathode. Steel
endplates were used to clamp the gas flow platgsther. Heating pads were attached to
the steel plates to regulate and monitor tempezatircommercially available fuel cell

testing station (Fuel Cell Technologies, Inc.) eped with mass flow regulators was
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used to conduct and record measurements. Stoictriongases were supplied to the
anode and cathode at a stoichiometric ratio ofah@ 2.0 respectively, without applied
backpressure. Fuel/oxidant studies were performiéd ydrogen gas, oxygen gas, and
reformate gas, all without humidification. The carsflion of reformate gas used
consisted of approximately 70 % hydrogen, 28 %,@&0d 2 % CO.
Dynamic Mechanical Analysis

Glass transition () analysis was conducted using a dynamic mechattieamnal
analyzer (DMA) (TA Instruments, model ARES-RSA3plyner films cast from PPA
solution were heated (~60°C) and stirred in deiahizater for several days to remove
the internal PA of the film. The pH of the watersasaonitored and water exchange was
conducted over the duration of preparation untiieatral pH was observed. Polymer
films of 35mm X 6mm X 1.5mm (L X W X T), were cuha hot pressed at 140°C for
approximately 1.5 h. Samples were then clampecherfilm tension clamp of the pre-
calibrated instrument. Scans were conducted froB1@@o 550°C at a heating rate of
5°C/min. The storage modulus (E'), loss modulu$ @&d tard values were measured at
a constant frequency of 1Hz, using autotension asithnitial strain of 0.08% and initial
static force of 20g.
2.3 Experimental Procedures Pertaining to Chapter 3
Polymerization of Poly(2,5-benzimidazole) (AB-PBI)

Poly(2,5-benzimidazole) (AB-PBI) was prepared gsthe following method:
Purified 3,4-diamino benzoic acid (3 g) and polygpiworic acid (97 g) were added to a
100mL reactor. The reactor was equipped with aethmeck reactor head, mechanical

stirrer, nitrogen inlet/outlet and placed into dicene oil bath with a ramp/soak
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temperature controller. The polymerization begathwain initial temperature of 60 °C
and was raised to 140 °C over a period of 1 h.t€hwerature remained at 140 °C for 2 h
to ensure all monomer was dissolved. Once the mendiad dissolved, the temperature
was increased step-wise until a final polymerizatiemperature of 220 °C was obtained.
Typically the polymerization reaction time at 22D Wwas between 24-36 h, depending on
the viscosity of the polymer. The Weisenberg effeas observed during the later stages
of the polymerization causing the solution to climp the stirrer. When this was
observed, phosphoric acid (85 %) was added to daetion mixture to adjust the
viscosity of the solution for film casting. AnalgsitH-NMR (400 MHz, DMSO-d6)
6.7-7.3 (broad multiplet, aromatics, 3H).

Preparation of 2,2'-bisbenzimidazole-5,5'-dicarboxiic acid (BBDCA)

To a 1000 mL round bottom flask, purified DABA (If) 0.066 mol), and
methanol (250 mL) were added. The mixture was thleced into an explosion proof
refrigerator and cooled at 10 °C for approximat20t30 min. The flask was removed
from the refrigerator and methyl-2,2,2-trichlorodiceidate (4.1 mL, 0.033 mol) was
immediately added drop-wise (~5 min) with stirrifgter the addition was completed,
the reaction flask was placed into a preheatetaih at a temperature of 50 °C for 24 h.
A dark orange precipitate was obtained which wéeréid and washed with ethanol
several times, during which the product becameessingly lighter in color. The crude
product was dried at 120 °C overnight under vacuum.

The light orange crude product described above9(®B was dissolved in
approximately 200 mL of heated DMSO, followed bwg @ddition of hot water until the

solution became slightly cloudy. A yellow precipgavas obtained upon cooling to r.t.
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which was filtered and washed with cold ethanole Pnoduct was dried at 220 °C under
vacuum to obtain a yellow powder (4.112 g, 69.8 i®&dy. Analysis: FT-IR: 1671m,
1625m, 1595w, 1497w, 1312s, 1295s, 1206m, 942ms,7B46s, 674m cih 'H-NMR
(300 MHz, DMSO-d6) 13.98 (s, NH), 12.86 (s, COOH), 8.325 (s, 1H)58.1s, 1H),
7.94-7.63 (m, 2H), 7.63-7.60 (d, 1H, J=8.1).Elerakanalysis: Calcd. for {gH10N4O4:

C, 59.63; H, 3.13; N, 17.38. Found: C, 59.42; 233N, 17.30.

Polymerization of New Isomeric Poly(2,5-benzimidaZe) (i-AB-PBI)

In a typical polymerization procedure 3,3',4,4taaminobiphenyl (1.828 q),
polyphosphoric acid (70 g), and 2,2'-bisbenzimidext5'-dicarboxylic acid (2.75 g)
were added to a 100 mL reactor. The reactor wasdhaipped with a three neck reactor
head, a stir rod attached to an overhead stirr@raamtrogen inlet/outlet. A slow nitrogen
flow of approximately 1 bubble every 2 seconds established and monitored with an
oil filled bubbler. The reactor was placed into @h bath that was regulated using a
temperature controller with ramp and soak featufidse polymerization utilized the
ramp/soak profile as follows:

An initial temperature of 60 °C was used, andtdmaperature was raised to 140
°C over a period of 1 h. The temperature remairte@4@ °C for 2 h and was then
increased to 180 °C over a period of 30 min. Tieperature remained at 180 °C for 10
h, and was then increased to 220 °C in a peri®®Dahin. The reaction remained at 220
°C for the duration of the polymerization. Twentguns was the typical duration of
polymerization for the new sequence isomekB-PBI). At the end of 20 h the solution

was very viscous and phosphoric acid (~15 mL) wak{aaded to adjust the viscosity
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for casting. Analysis:*H-NMR (400 MHz, DMSO-d6)s 6.7-7.3 (broad multiplet,
aromatics, 3H), 8.2 (singlet, 1H), 8.5 (multip2).
Polymer Electrolyte Membrane Preparation

Once an appropriate polymer viscosity was obtgirled solution was directly
cast at 220 °C onto glass plates for membrane @tpa. A heated metal casting blade
(120 °C) with a casting thickness of 20 mil (508) was used. After casting, the glass
plates were separated and samples were placed mimidification chamber maintained
at a relative humidity of 55 % at 25 °C. The polyrsamples were allowed to hydrolyze
overnight. Hydrolysis of the PPA to PA induced &tsegel transition that resulted in a
gel membrane. The samples were then sealed in & um) thick polyethylene bags
until testing or membrane electrode assembly (MtaRjication.
2.4 Experimental Procedures Pertaining to Chapter 4
Polymerization of Random AB-PBI copolymers

In a typical polymerization procedure, 2,2'-bishemdazole-5,5'-dicarboxylic
acid, 3,3',4,4'-tetraaminobiphenyl, 3,4-diamino®ozacid, and PPA were reacted on a
15mM scale with various ratios dependent upon #rgeted composition. Monomer
concentrations in PPA were adjusted to reflectnbmopolymer closest in composition
to the targeted ratio. Monomers were then addesl 160 mL reactor. The reactor was
then equipped with a three neck reactor head,radgti attached to an overhead stirrer
and a nitrogen inlet/outlet. A slow nitrogen flovasvestablished and monitored through
an oil filled bubbler. The reactor was placed iatooil bath that was regulated using a
temperature controller with ramp and soak featur@he polymerization utilized the

ramp/soak profile as follows:
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An initial temperature of 60 °C was used, andtdmperature was raised to 140
°C over a period of 1 h. The temperature remairte@4@ °C for 2 h and was then
increased to 180 °C over a period of 30 min. Tieperature remained at 180 °C for 10
h, and was then increased to 220 °C in a peri®®Dahin. The reaction remained at 220
°C for the duration of the polymerization. Twenbuf to thirty six hours was the typical
duration of polymerization for the random copolymeAt the end of polymerization,
phosphoric acid (~15 mL) was back-added to the mhg viscous solutions to adjust
the viscosity for subsequent membrane casting. ysigl"H-NMR (400 MHz, DMSO-
d6) 6 7.2-8.2 (broad multiplet, aromatics, 3H), 8.4 ¢, 1H), 8.5 (multiplet, 2H).
Polymer Electrolyte Membrane Preparation

After adjusting the viscosity with phosphoric acitte polymer solution was
directly cast at 220 °C onto heated (120 °C) glalases for membrane preparation. A
heated metal casting blade (120 °C) with a cadiiinckness of 20 mil (50§m) was
used. After casting, the glass plates were semhratel samples were placed into a
humidification chamber maintained at a relative ity of 55 % at 25 °C. The polymer
solutions were allowed to hydrolyze overnight. Hygisis of the PPA to PA induced a
sol-to-gel transition that resulted in a Flory typgel membran&The samples were then
sealed in 3 mil (76.2um) thick polyethylene bags until testing or memleratectrode
assembly (MEA) fabrication.

Membrane Electrode Assembly (MEA) Fabrication and kel Cell Testing

MEA's were fabricated by hot pressing a membra2€ ¢6 compression) sample

between two platinum doped carbon electrodes, aadk 60O crfi in area (45.15 cfn

active area). Gas diffusion electrodes, with aiplan loading of 1.0 mg/cfon each

43



electrode, were obtained from BASF Fuel Cell. A #ap framework was also
incorporated to add stability to the MEA, and ttowal handling without damaging the
MEA. The MEA was placed into a single-cell fuellagbparatus for testing. The gas flow
plates used were graphite with dual gas channeti@anode and triple gas channels on
the cathode. Steel endplates were used to clampgabkdlow plates together. Heating
pads were attached to the steel plates to reguatk monitor temperature. A
commercially available fuel cell testing statioru@F Cell Technologies, Inc.) equipped
with mass flow regulators was used to conduct @edrd measurements. Stoichiometric
gases were supplied to the anode and cathodet@thismetric ratio (hydrogen and air)
of 1.2 and 2.0 respectively, without applied baekgure. Fuel/oxidant studies were
performed without humidification.

2.5 Experimental Procedures Pertaining to Chapter 5

Polymerization of AB-PBI/p-PBI random copolymers

A typical polymerization procedure for AB-PBI/p-PBbpolymer synthesis is as
follows: 3,4-diaminobenzoic acid (DABA), 3,3'4iétaaminobiphenyl (TAB),
terephthalic acid (TA), and PPA (116%) were reacteda 15mM scale with various
molar ratios dependent upon the targeted copolyrmemposition. Monomer
concentrations in PPA were adjusted to reflecthtmmopolymer closest in composition
to the targeted ratio. Monomers were then addeal 100mL kettle reactor. The reactor
was then equipped with a three neck reactor heatly eod, and a nitrogen inlet/outlet.
Once assembled, the reactor was clamped togethgy a3 bolt metal clap holder, and
connected to an overhead mechanical stirrer. # slitorogen flow was established and

monitored through oil filled bubblers. The reactaas then lowered into an oil bath that
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was thermally regulated using a temperature cdatrolith ramp and soak features. The
polymerization utilized the ramp/soak profile aidas:

An initial heating began at room temperature dreltemperature was raised to
140 °C over a period of 1 h. The temperature reethimt 140 °C for 2 h and was then
increased to 180 °C over a period of 30 min. Tieperature remained at 180 °C for 10
h, and was then increased to 195 °C in a perio80ofmin. The oil bath temperature
remained at 195 °C for the duration of the polymaion. Twenty four to thirty six hours
was the typical duration of polymerization for trendom copolymers. At the end of
polymerization, phosphoric acid (~15 mL) was bacHlext to the extremely viscous
solutions to adjust the viscosity for subsequenmnibr@ne casting.

Polymerization of i-AB-PBI/p-PBI random copolymers

A typical polymerization procedure for the i-AB-PBPBI random copolymers
is as follows: 2,2-bisbenzimidazole-5,5-dicarblaxy acid (BBDCA), 3,3'4,4-
tetraaminobiphenyl (TAB), terephthalic acid (TApdaPPA (116%) were reacted on a
15mM scale with various molar ratios dependent upba targeted copolymer
composition. Monomer concentrations in PPA wereaistéd to reflect the homopolymer
closest in composition to the targeted ratio. Moamywere then added to a 100mL kettle
reactor. The reactor was then equipped with a thesi reactor head, a stir rod, and a
nitrogen inlet/outlet. Once assembled, the reastas clamped together using a 3 bolt
metal clap holder, and connected to an overheachaméxal stirrer. A slow nitrogen
flow was established and monitored through oilkélibubblers. The reactor was then
lowered into an oil bath that was thermally regediatising a temperature controller with

ramp and soak features. The ramp/soak profilezatilifor i-AB-PBI/p-PBI copolymers is
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the same as the procedure described for the polyaten of AB-PBI/p-PBI
copolymers, however, a final polymerization tempaeof 220°C was used.

Polymer electrolyte membrane formation

Once polymerized, random copolymer solutions wezatdd to 220°C to adjust
solution viscosity for casting. Solutions were thfrectly cast onto heated (120 °C) glass
plates for membrane preparation. A heated metaingablade (120 °C) with a casting
thickness of 20 mil (508m) was used. After casting, the glass plates weparated and
samples were placed into a humidification chambaintained at a relative humidity of
55 % at 25 °C. The polymer solutions were allowetydrolyze overnight. Hydrolysis of
the PPA to PA induced a sol-to-gel transition thesulted in a Flory type 3 gel
membrané. The membrane samples were then sealed in 3 mil2 (gf) thick
polyethylene bags until further testing or membraglectrode assembly (MEA)
fabrication.

Membrane Electrode Assembly Fabrication

MEA's were fabricated by hot pressing a membrai2€ ¢6 compression) sample
between two platinum doped carbon electrodes, aadk 60O crfi in area (45.15 cfn
active area). Gas diffusion electrodes, with aiplan loading of 1.0 mg/cfon each
electrode, were obtained from BASF Fuel Cell. A #ap framework was also
incorporated to add stability to the MEA, and ttoal handling without damaging the
MEA. The MEA was placed into a single-cell fuellagbparatus for testing. The gas flow
plates used were graphite with dual gas channete@anode and triple gas channels on
the cathode. Steel endplates were used to clamgabdliow plates together. Heating
pads were attached to the steel plates to regteéab@erature. A thermocouple was

attached to the steel end plate of the anode toitanotemperature. A commercially
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available fuel cell testing station (Fuel Cell Teologies, Inc.) equipped with mass flow
regulators was used to conduct and record measuntem®toichiometric gases were
supplied to the anode and cathode at a stoichimatio (hydrogen and air) of 1.2 and
2.0 respectively, without applied backpressure.l/Bxyglant studies were performed
without humidification.

2.6 Experimental Procedures Pertaining to Chapter 6

Polymerization of s-PBI

In a typical polymerization procedure, 3,3',4etkdaminobiphenyl is reacted with
mono sodium 2-sulfoterephthalate in polyphosphacic on a 15mM scale. Monomers
were added to a 100mL reactor. The reactor wasehaipped with a three neck reactor
head, a stir rod attached to an overhead stirner,aanitrogen inlet/outlet. Nitrogen flow
was established and monitored through an oil fibetbler. The reactor was then placed
in a silica oil bath which was thermally regulateding a thermal controller with
ramp/soak features. The reaction follows a proaduwhich the solution is heated from
room temperature to a final polymerization tempeeif 220°C in a stepwise manner.
The ramp/soak profile is as follows:

From an initial ambient temperature, the solutioas heated to 120°C over a
period of two hours. This temperature was then Faién additional two hours before it
was increased to 150°C over three hours. The soltéimperature was held at 150°C for
three and a half hours and then heated to 170°Caperiod of one hour. The solution
then remained at this temperature for three hoatrsyhich point it was increased to

190°C over a one hour period. The solution was theld at 190°C for ten to fifteen
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hours to reach desired viscosity and finally insezhto 220°C over a period of one hour.
The solution was held at 220°C for one to four Bdoradjust viscosity for casting.

Polymer Electrolyte Membrane Formation

Polymer solutions were directly cast at 220°C draeated (120°C) glass plates for
membrane formation. A heated metal casting bla@é {C) with a casting thickness of
20 mil (508um) was used. Once the solution was cast, the glasss were placed in a
humidification chamber at 55%RH to hydrolyze fopegpximately 24 hours. Hydrolysis
of the polyphosphoric acid into phosphoric aciducedd a sol-to-gel transition resulting
in a Flory Type lll gel membrarieThe resulting membranes were then sealed in 3mil
(76. 2um) polyethylene bags until further analysis oritegtvas conducted.

Imbibing procedure for H,SO, doped Polymer Membranes

The hydrolyzed polymer membranes directly cast fRIPA solution were soaked
in a de-ionized water bath for phosphoric acid remhoThe pH of the water baths were
monitored and water was replaced as needed uméusral pH was obtained over a
period of 5 days. The PBI membranes were then imedeior 3 days in a 30 wt%,80,
bath for sulfuric acid imbibing. Titration analyse®re conducted at each stage of the
acid exchange process.

Vanadium Electrolyte Preparation

Electrolyte solutions containing 1.7 M vanadiumsand 5 M total sulfate were
prepared by dissolving V(IV) sulfate oxide in detiwed water, followed by the addition
of sulfuric acid. The solution was charged at 1.&ith an initial 2:1 catholyte to anolyte
ratio, and upon reaching a current density of 10cn#, one half of the catholyte was
removed. One set of solutions was used for therigalion curve test; a separate set of

solutions was used for both the OCV decay and mgdkests. On each side of the battery
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440 mL of solution was used for polarization cutesting. To obtain 50% state of
charge, the fully-charged solution was discharge®.8 V until 36,000 coulombs of
charge were removed.

Flow Battery Experimental Procedure

Flow battery testing was carried out on a single-&&m?® (Fuel Cell
Technologies) no-gap architecttingith serpentine flow fields. CP-ESA carbon paper
compressed to ~65% of original thickness was usdtieaslectrode in both the positive
and negative half-cell. All membranes were soakedle-ionized water prior to use.
Immediately before assembly, membranes were blotkgd and the thickness was
measured. Membranes were inserted between thevpoaitd negative electrodes for
testing.

All testing was carried out at 30 °C in a tempemtgontrolled chamber.
Electrolyte flow was delivered by a dual-channeligialtic pump to ensure equal flow
rates for the positive and negative sides. An gl purity nitrogen purge was used on
both sides to prevent air oxidation of the V(ll)daN'(lll) species of the anolyte. A
Biologic VMP3 potentiostat coupled with a 20A bamstwas used to perform
electrochemical measurements and control the system

Polarization curve testing

A single-pass configuration, in which the electtes/from the cell outlets were
directed to separate reservoirs, was used for tharipation curve test to ensure a
constant electrolyte composition throughout the. t€he battery was initially held at
open circuit, followed by potential steps in inceamts of 0.1 V. The cell was held at a
constant potential for 10 seconds to allow the emirrto stabilize. Electrochemical

impedance spectroscopy (EIS) was carried out guéecies of 500 Hz to 10 kHz to
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measure the high frequency resistance (HFR) otéle A 10 mV sinusoidal AC signal
superimposed on the steady-state DC polarizatienpggormed to obtain the impedance
spectra. The HFR was determined by the high frequentercept of the impedance
spectrum with the real axis in Nyquist plot. Muljipg HFR to the geometric area
(5cnf) yields the area specific resistance (ASR).

OCV decay

The open-circuit voltage (OCV) decay was measunethe cell using 50mL of
solution for each side, initially charged in a sepa cell. The electrolyte was circulated
for approximately one minute allowing a stable OCRhe pump was subsequently
switched off, resulting in a static volume of etetjte being held within the cell and the
cell OCV was monitored as a function of time in temperature chamber.

Cycling testing

Cycling tests were carried out with 50mL of solatim both the positive and
negative tanks. Electrolyte was re-circulated, iontcast with the single-pass
configuration used for the polarization curve. Tedl was cycled at 200 mA c¢frwith

cutoff potentials of 1.65 and 1.2 V on charge aisdtthrge respectively.
2.7 Experimental Procedures Pertaining to Chapter 7

Polymerization of Sulfonated Polybenzimidazole memianes

In a typical polymerization procedure, 3,3',4gtkdaminobiphenyl is reacted with
mono sodium 2-sulfoterephthalate in polyphosphadid on a 15mM scale. Monomers
were added to a 100mL reactor. The reactor wasehaipped with a three neck reactor
head, a stir rod attached to an overhead stirner,aanitrogen inlet/outlet. Nitrogen flow

was established and monitored through an oil fibetbler. The reactor was then placed
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in a silicone oil bath which was thermally reguthtesing a thermal controller with
ramp/soak features. The reaction follows a proaduwhich the solution is heated from
room temperature to a final polymerization tempeeiof 220°C in a stepwise manner.
The ramp/soak profile is as follows:

From an initial ambient temperature, the solutwas heated to 120°C over a
period of two hours. This temperature was then Falén additional two hours before it
was increased to 150°C over three hours. The saoltéimperature was held at 150°C for
three and a half hours and then heated to 170°Caperiod of one hour. The solution
then remained at this temperature for three hoatrsyhich point it was increased to
190°C over a one hour period. The solution was theld at 190°C for ten to fifteen
hours to reach desired viscosity and finally insezhto 220°C over a period of one hour.
The solution was held at 220°C for one to four Bdoradjust viscosity for casting.

Polymer Electrolyte Membrane Formation

Polymer solutions were directly cast at 220°C draeated (120°C) glass plates for
membrane formation. A heated metal casting bla@6 {C) with a casting thickness of
20 mil (508um) was used. Once the solution was cast, the glasss were placed in a
humidification chamber at 55%RH to hydrolyze fopegximately 24 hours. Hydrolysis
of the polyphosphoric acid into phosphoric aciduoedd a sol-to-gel transition resulting
in a Flory Type lll gel membrarieThe resulting membranes were then sealed in 3mil
(76. 2um) polyethylene bags until further analysis oritegtvas conducted.

Imbibing procedure for H,SO, doped Polymer Membranes

The hydrolyzed polymer membranes directly cast fRIPA solution were soaked

in a de-ionized water bath for phosphoric acid remhoThe pH of the water baths were

monitored and water was replaced as needed uméusral pH was obtained over a
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period of 5 days. The PBI membranes were then irsedeior 3 days in a 30 wt%,850,
bath for sulfuric acid imbibing. Titration analyse&re conducted at each stage of the
acid exchange process.

Membrane Electrode Assembly Fabrication

Membrane electrode assemblies (MEAS) were consiiubly hot-pressing gas
diffusion electrodes (1.0 mg Pt/cm2) obtained frBASF to each side of the s-PBI
membranes as described previodsthe MEAs made with Nafion 117 (178n thick)
and 212 (5Qum thick) membranes were loaded with 1.5 mg Pt/cm2ach side using a
procedure described previou§lyThe MEAs were loaded into a single cell purchased
from Fuel Cell Technologies, Inc. The cell was b cand consisted of graphite blocks
with flow channels machined into them sandwichetivben two aluminum endplates to
provide compression. Teflon tubing was passed tirothe face of the aluminum
endplates directly into the graphite blocks for thactants (i.e., SQand water vapor)
and products (sulfuric acid and water vapor).

Experimental Setup for Device Performance Evaluatios

In this experimental setup, contact between thenelum endplates and sulfuric
acid was prevented. The cell was heated by heatidg inserted into the aluminum
endplates. Gaseous $®as fed into the anode compartment via a mass-gtmwroller at
a rate corresponding to 5% conversion at eachmurf@at is, 20 times as much S@as
fed than the stoichiometric amount required. Thaveesion of SQ was kept low to
ensure a sufficient amount of water entered the Thk difference between the setups
for evaluating the Nafion membranes centers orhtimaidification of the gaseous S0
When using Nafion-based MEAs, dry $@as was fed to the anode and liquid water to

the cathode. When using an s-PBl-based MEA, ligwater in contact with this
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membrane could accelerate leaching of the acid lead to a gradual reduction in
conductivity. Therefore, for these experiments ¢hthode was kept dry and the gaseous
SO, was humidified prior to introduction to the anodée humidifier temperature was
controlled separately from the electrolyzer. Priorapplying the current, the water
content of the S@stream was measured by condensing out the watbe axit to the
cell. During cell operation, the sulfuric acid wadlected at the anode exhaust of the cell
and titrated against 0.1 M sodium hydroxide to aeiee the concentration. Membrane
resistance was measured during operation by afhegiodkency milliohm meter in the
current interrupt technique, in which the appliegrent was abruptly changed and the

transient potential response was monitored.
2.8 Experimental Procedures Pertaining to Chapter 8

Preparation of Isophthalaldehyde Bisulfite Adduct

7.715g sodium bisulfite (.074mol) was dissolved7BmL deionized water. 5g
isophthalaldehyde (.037 mol) was dissolved in 500ohlMeOH. Once dissolved, the
solutions were combined in a 1000mL round bottomskland stirred at room temp for
24h. After several hours, a white precipitate fodmehis precipitate was confirmed via
'H-NMR to be the bisulfite adduct of isophthalaldeay(yield: 11.36g, 91.5%). Analysis:
FT-IR: 1410w, 1350w, 1250w,1175s, 1000s, 650%.ctH-NMR (300 MHz, DMSO-d6)
8 7.7 (s,1H), 7.5 (d, 1H, J=6.1), 7.3 (d, 1H, JF¥6610 (s, 1H), 5.1 (s, 1H).
Solution Polymerization of m-PBI

In a typical polymerization, 4g of isophthalalddrybisulfite adduct, 2.504g of
tetraaminobiphenyl and 17.5mL of DMAc were addea@ t8-neck 100mL round bottom

flask under nitrogen. The flask was then equippét & stir-rod and paddle and stir-rod
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adaptor in the center flask neck. The stir-rod wlaesn connected to an overhead
mechanical stirrer. A reflux condenser with nitrogeutlet was then attached. The
remaining flask neck was then fitted with a nitrogalet. A slow nitrogen flow rate,
monitored by oil filled bubblers, was then estdi#id. The nitrogen flow rate was
maintained throughout the reaction. Once assembiedapparatus was lowered into a
temperature regulated silicone oil bath. The othit@mperature was regulated with an
IR? thermal controller. Once the reaction was purgeel,oil bath was heated to 180°C ,
and maintained for the duration of the reactionotypefluxing of the solution, stirring
was initiated at 30RPM and maintained throughowt diaration of the reaction. The
reaction was allowed to proceed for 24h or untl $blution became too viscous to stir.
Polymer Isolation

Upon completion of the reaction, the solution viiast filtered or centrifuged
depending on viscosity. The polymer product was tieolated by precipitation in
deionized water. The polymer product was chopped,veashed in deionized water and
dried at 220°C under vacuum for at least 12h tooramany residual DMAc solvent.

Once dried, the polymer powder was used for prodoatysis.
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Chapter 3:
A New Sequence Isomer of AB-PBI (AB-Polybenzimidaie)
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3.1 Introduction of Poly(2,5-benzimidazole) (AB-PB)

Poly(2,5-benzimidazole) (AB-PBI) is an aromatiddrecyclic polymer and is the
simplest known polybenzimidazokes shown inFigure 3.1 The synthesis of AB-PBI
was first published by Vogel and Marvel in 196°LShortly after, a Japanese group of
scientists also reported the synthesis of AB-PBIn the 1980's and 1990's, significant
work went into the investigation of the physicabperties of AB-PBI blended with other
performance polymers such as, polybenzoxazole (PB&)d polybenzothiazole
(PBT)2>* These polymer blends were studied as material idare$ for fiber
applications:**? In addition, AB-PBI has been extensively studisdseveral research
groups**” AB-PBI was not the first polybenzimidazole to beveloped, but was very
attractive as it offered the desirable propertids polybenzimidazole and was
synthetically produced from a commercially avaitaiiexpensive monomé&t*® AB-
PBI can be polymerized by the self condensatio,dfdiaminobenzoic acid, and like
most polybenzimidazoles, has excellent thermal arethanical properties. AB-PBI

synthesis has been reported in various solventariadiuding, DMAc, Eaton's reagent,

Oy

Figure 3.1: Chemical structure of Poly(2,5-benzimidazole)(ABFP

and polyphosphoric acid:??

Due to the small molecular size of the repeat ukig;PBI has a high concentration of
basic sites along the polymer backbone. These k#si along the polymer chain serve
as both proton donor and acceptor sites, and asudt 1of their high concentration, AB-
PBI has a high affinity to acids. Because of thghhacid affinity, AB-PBI can be easily
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doped with phosphoric acid (PA) and also sulfonatéti sulfuric acid. Sulfonation of
AB-PBI results in a derivative material termed sRB1 and can readily be achieved by
heating AB-PBI is a solution of sulfuric acitl.in addition to derivatives of AB-PBI
through post polymerization modification, subsgdif, crosslinke@®, and copolymers
containing AB-PBI have also been investigat®Because of the high solubility of AB-
PBI in acids, membrane formation from the PPA pssde challenging. The challenge of
mechanically stable membrane formation with AB-Ri&s overcome in the research
presented by tailoring the polymer concentration, & described herein.

3.2 Introduction of Isomeric AB-PBI (i-AB-PBI)

Many limitations of AB-PBI have arisen becausdhed polymer's high solubility
in phosphoric acid, especially when considering nieterial as a candidate for high-
temperature polymer electrolyte membrane fuel aygilications. These limitations led to
research of similar chemically structured altewedi A new synthetic strategy and
development went into the synthesis of a novel éngbmidazole monomer, 2,2'-
bisbenzimidazole-5,5'-dicarboxylic acid (BBDCA), i could then be polymerized
with tetraaminobiphenyl (TAB) to produce a new pobr which constitutionally
represents a sequence isomer of AB-PBI termed P&BRB-AB-PBI is a polymer with a
head-tail repeating benzimidazole sequence. Thengehain orientation of the
benzimidazole groups incorporated into the new eege isomer introduces two
additional types of chemical bonds. In the known-RBI, benzimidazole groups of the
polymer backbone are linked through benzimidazblenyl (2,5) linkages, whereas the
new sequence isomer introduces two new linkagesnyhphenyl (5,5 linkages), and

benzimidazole-benzimidazole (2,2 linkages) in additto the benzimidazole-phenyl
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linkages. The chemical structures of an expanded®’BBpolymer sequence and the new

i-AB-PBI are shown irScheme 3.1
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Scheme 3.1Chemical structures of (a), poly(2,5-benzimidag@&-PBI) and (b) new isomeric
i-AB-PBI.

In this chapter, the investigation and evaluatbmembranes prepared from the
new polymer using the PPA process with respectotoposition, mechanical strength,
conductivity and fuel cell performance are desatib&he properties of the new
membranes are compared to both the in-house syrt¢kdeAB-PBI prepared by the PPA

process and literature data on conventionally ietiBB-PBI membranes.

3.3 Synthesis and Purification of 2,2'-Bisbenzimidaole-5,5'-dicarboxylic
Acid (BBDCA)

The key to synthesizing the new i-AB-PBI polymeasmhe development of a
novel diacid monomer which structurally incorpotht¢he desired benzimidazole
sequence orientation. Originally, a two-step symthstrategy was employed to obtain
BBDCA, however, this synthetic procedure was imggint and produced the product in
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low yields. Further exploration of the synthesisuleed in a more efficient, higher

yielding one-step process. These synthetic proesdane compared Bcheme3.2

a) H

NH; ¢l N
/@ , O \—NH CHaCOOH, /@: >—CCly
HOOC NH, H,CO rt HOOC N

3

H NH,
om0, CUHI0
HOOC N HOOC NH, “Reflux e HOOC COOH

b)

NH
, Q 2 . CISC):NH CHZOH /CE :@\
HOOC NH;  HCO ETlY HOOC COOH

Scheme 3.2Synthetic procedures for the (a) two-step patharay (b) one-step pathway
synthesis of 2,2'-bisbenzimidazole-5,5'-dicarbaxgicid (BBDCA).

Typical synthesis of bisbenzimidazoles involves reaction betweeno-
phenylenediamines with a diacid or diamide in HEpolyphosphoric acid (PPA).The
synthesis of 2,2'-bisbenzimidazole-5,5'-dicarbaxylcid had not been previously
reported in literature, however, synthesis of 2ssitited benzimidazoles from the
reaction ofo-phenylendiamine with an imidate is well kno@nSynthesis of BBDCA
was achieved by reacting purified 3,4-diaminobenzaeicid and methyl 2,2,2-
trichloroacetimidate in a 2:1 stoichiometric ratiespectively. Synthetic procedures
involving 2-trichlorobenzimidazoles are often coothd at room temperature after the
exothermic reaction has subsided to avoid unwastdd reactioné® Although these
types of reactions are typically done at room terapee, an increase in reaction yield of
~10-15 % was observed in this work when the reaotias performed at 50 °C. It is
surmised that the exothermic reaction coupled \whth increased reaction temperature
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provided the system with enough energy to induatien and ring closure of the
intermediate 2-trichloro-5-carboxyl benzimidazolethwa second equivalent of 3,4-
diaminobenzoic acid. The crude product of this nmeowas obtained in yields of 50-60
% after 24 h reaction time. The diacid monomer \icasnd to be insoluble in most
common organic solvents, but soluble in DMSO andAaMPurification of the diacid
monomer was achieved using a mixed solvent redligstzon from DMSO and distilled
water. The purified diacid monomer was a yellowocetl powder after drying and was
typically obtained in yields of ~60-70 %. The compduwas also determined to be
slightly hygroscopic, and therefore thorough drywgs required prior to polymerization
to achieve high molecular weight polymer. FTIR gsm was used to confirm the
complete removal of the intermediate after purtfara by the absence of a peak at
~829cni', which correlates to the C-Cl stretch of the imtediate. F-NMR and
elemental analysis was used to verify monomer yufihe FTIR and HHNMR analysis
of the BBDCA monomer are shownhigure 3.2andFigure 3.3respectively.

3.4 Polymer Synthesis

3.4.1 Polymerization of poly(2,5-benzimidazole) (ABBI)

Poly(2,5-benzimidazole) (AB-PBI) was prepared byypwerizing purified 3,4-
diaminobenzoic acid in PPA. Polymerization conaiidor AB-PBI prepared in PPA
were experimentally determined through evaluatiofspolymerization temperature,
reaction concentration and duration. After manyctiea trials, initial monomer
concentrations in PPA were observed to have atdaféect on the molecular weight of
the resulting polymer. A study to examine the dffet monomer concentration on
polymer inherent viscosity was conducted throughsesies of polymerizations to

determine the optimal concentration for the formatf high molecular weight polymer
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and is shown inFigure 3.4 The optimal monomer concentration was found to be
approximately 3 wt% yielding polymer samples witherent viscosities up to 4.63 dL/g.
Polymerization attempts below 2 wt% monomer conmegioin under the same conditions
yielded lower molecular weight polymers and unstatilins when the PPA solutions
were cast and hydrolyzed. Polymerizations conducaddve 3.5 wt% monomer
concentration resulted in films with higher rigiditand less favorable mechanical
properties. AB-PBI membranes prepared using the PR&ess were found to have
much higher acid doping levels (22-35 mol PA/mdlypter repeat unit) when compared
to conventional imbibing methods (2-10 mol PA/molymer repeat unit}® However,
AB-PBI membranes prepared with elevated PA dopavgls (>14 molPA/mol polymer
repeat unit) were found to be unstable at eleviegperatures (>130 °C). This is due to
the elevated solubility of AB-PBI in phosphoric @@t higher temperatures as described
previously. The PA level in the membranes was a&eguby soaking the membranes in
PA baths with lower PA concentrations than thath&f original film in an attempt to
produce stable PA doped AB-PBI membranes. Membsangles with doping levels of
29.1, 22.7 and 14.5mol PA/mol polymer repeat uretevprepared. However, the films
with lower PA content still did not maintain a getlate at higher temperatures, and
therefore high-temperature anhydrous conductivitg éuel cell performance analysis
could not be obtained for AB-PBI membranes withsthenoderate levels of PA prepared

using the PPA process.
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Figure 3.2: FTIR spectra of 2,2'-bibenzimidazole-5,5'-dicarbdaxgcid (BBDCA)
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Figure 3.4: Effect of monomer concentration on inherent vigggs.V.) for the
polymerization of 3,4-diaminobenzoic acid in PPA2260°C.

3.4.2 Polymerization of i-AB-PBI

The new sequence isomer of AB-PBIAB-PBI, was synthesized using the
synthetic scheme displayed $theme 3.3The synthesis of i-AB-PBI is an AA-BB step
polymerization and, as defined by the Carotherisaéiqrt’, an exact stoichiometric ratio
of 2,2'-bisbenzimidazole-5,5"-dicarboxylic acid hwiB,3',4,4'-tetraaminobiphenyl was
required to achieve high molecular weight i-AB-PBblymerization conditions for the
new sequence isomer were experimentally determaneldwere conducted over a range
of monomer concentrations as showrfigure 3.5 A dramatic increase in polymer 1.V.
occurred when monomer concentration was increased 5 to 6 wt%. The reason for
this abrupt change in I.V. is not completely unttlewd and this type of behavior has not
been observed in our previous and extensive irgaggins of PBI polymers. Although

such abrupt changes in L.V. could be indicativeadfansition to an ordered or liquid
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crystalline phase, all other observations weresogiportive of a liquid crystalline phase
morphology. Further increases in monomer conceatrded to polymers with slightly
lower inherent viscosities which we attributed tacreased solution viscosity and
difficulties in stirring during the later stages e polymerization. Subsequent
polymerizations were conducted at 6 wt% monomer ceotration, which was
determined to be the optimal reaction concentratmrobtain high molecular weight

polymer.

HoN NH,
Q > I)
HOOC COOH
220°C /\ﬁ/

i-AB-PBI

Z7 "z

Scheme 3.3Polymerization of i-AB-PBI.

3.5 AB-PBI and i-AB-PBI Polymer Electrolyte Membrane Formation
and Properties

Polymer solutions were directly cast at 220 °C dwtated glass plates (120 °C
oven temperature) using a 20 mil (508) casting blade. The solutions then underwent a
sol-to-gel transition as the PPA of the membrardrdiyzed into PA and the system
temperature decreased to room temperature. The raambomposition data show that

the typical compositions of i-AB-PBI membranes @l using the PPA process are
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greater than 50 % phosphoric acid and have a polgorgent between 7-10.5 wt%.
Mechanical property evaluations of the i-AB-PBI édpmembranes typically yielded
Young's moduli ranging from 0.9-1.6 MPa and tensitengths between 0.43-1.11 MPa.
Membrane composition data along with other sigaificproperties for i-AB-PBI and the
in-house AB-PBI prepared using the sol-gel methedshown inTables 3.1andTable

3.2respectively.
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Figure 3.5: Effect of monomer concentration on inherent viggas.V.) for the new
isomeric AB-PBI (i-AB-PBI) at a polymerization temmture of 220°C
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Table 3.1: Characterization Results for i-AB-PBI Bblymers and Membranes

Membrane
Anhydrous ~ Composition(as cast)
Mol PA/Mol  Conductivity (Wt%)
Sample Monomer I.V. Polymer at 180C
# wt% (dL/g) Repeat Unit (S/lcm) PA H,0 Polymer
T 2.92 1.0 N/A N/A N/A  N/A N/A
2 4.11 1.1 N/A N/A N/A N/A N/A
3 4.77 1.03 N/A N/A N/A  N/A N/A
4 5.18 1.05 34.76 N/A 55.96 36.37 7.67
5 6.21 3.05 36.52 .202 54.98 37.76 7.26
6 6.92 2.84 24.5 216 53.92 35.59 10.49
7 8.21 2.60 32.12 .195 54.08 37.90 8.02

* Low molecular weight samples were obtained arsdiiteng films were unstable for testing.

Table 3.2: Characterization Results for AB-PBI Polyners and Membranes
Membrane Composition

Mol PA/Mol
Sample Monomer I.V. Polymer (as cast) (wi%)
# wt% (dL/g) Repeat Unit PA H.,O Polymer
8 1.46 1.56 35.28 60.22 37.67 2.11
9 2.76 4.63 24.71 62.17 34.36 3.47
10 2.7 3.59 29.07 62.59 34.83 2.58
11 2.86 2.57 31.82 57.27 40.49 2.24
12 4.84 1.8 22.56 73.82 22.25 3.93

As previously mentioned, the new i-AB-PBI containgo additional types of
chemical bonds when compared to AB-PBI, benzimitlabenzimidazole and phenyl-
phenyl linkages'H-NMR analysis was conducted for both AB-PBI and trew i-AB-
PBI. Based on the chemical structures presentedi-AB-PBI spectrum would contain
additional peaks which arise from the C-H bondth&bi-phenyl moiety of the polymer.
Spectral analysis did in fact show additional peaks8.2 and 8.5 ppm, which are
consistent with the assignments of the bi-phenylietyo in 2,2'-diphenyl-5,5'-
bibenzimidazole, a model compoutfdPreliminary molecular modeling using MOPAC

2009 Semi Empirical PM6 indicated slightly incredsshain stiffness for i-AB-PBI as
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compared to AB-PBI, and is shown iRigure 3.6 and Figure 3.7 respectively.
Experimentally, a lower solubility for i-AB-PBI iRA at elevated temperatures (130-180
°C) when compared to the known AB-PBI was observite observed decrease in
solubility is likely due to the decreased concdrdraof amine and imine groups along
the polymer chain, as compared to that of AB-PBie Tower solubility of the i-AB-PBI
resulted in films with higher gel stability at hightemperatures, even with higher acid
doping levels. Thus, films made with i-AB-PBI andpeéd with high levels of PA were

sufficiently stable for conductivity measurementsl duel cell performance evaluations.

Figure 3.6: Molecular model of i-AB-PBI. Produced by Dr. VigaRassolov using
MOPAC 2009 Semi-Empirical PM6 molecular modelindware at the University of
South Carolina.

3.6 lonic Conductivity

The ionic conductivity data for i-AB-PBI are shovin Figure 3.8 along with
literature data for AB-PBT At 180 °C under anhydrous conditions, i-AB-PBI sled a
nearly 10x increase in conductivity, from 0.02 t® (6/cm when compared to the
reported literature on the conventionally imbibeB-RBI.3* This is largely due to the

stability of i-AB-PBI with higher acid doping lewelat increased temperatures. For the
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ionic conductivity comparison shown, it should ke that the isomeric i-AB-PBI has
much higher acid loadings than that of the conesatily imbibed AB-PBI reported. The
i-AB-PBI membrane used for conductivity comparistvad an acid loading of
approximately 36 moles of phosphoric acid per moferepeat unit, whereas, the
conventionally imbibed AB-PBI membrane illustratead 2.7 moles of phosphoric acid
per mole of repeat unit. The repeat unit of the né&B-PBI is roughly 4 times the size
of the AB-PBI repeat unit, and when corrected foese differences, the i-AB-PBI
membrane has approximately 3 times the acid loattiag that of the AB-PBI used for
comparison. The significant differences in aciddiog of the two films used to compare
ionic conductivity results from the two differentrogcesses. AB-PBI membranes
developed from the PPA process did in fact havelmmigher acid loadings than those of
conventionally imbibed AB-PBI membranes and were swtable for high temperature
anhydrous conductivity analysis. Therefore, AB-PBihd i-AB-PBlI membranes with
similar acid loadings could not used to present@cticomparison of ionic conductivity.
The high conductivity (~0.2 S/cm) fotAB-PBI indicated these membranes would be an
excellent candidate for high temperature PEM fuellscand subsequent fuel cell

performance analyses were conducted.
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Figure 3.7: Molecular modeling of poly(2,5-benzimidazole) (ABI). Produced by Dr.
Vitaly Rassolov using MOPAC 2009 Semi-Empirical PM6lecular modeling software
at the University of South Carolina.
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Figure 3.8: Effects of temperature on anhydrous ionic conditgtiySquares: new
isomeric i-AB-PBI (Sample 5 from Table 3-1), cirsl@eported literature values for
poly(2,5-benzimidazole) (AB-PB#’

3.7 Fuel Cell Performance

Fuel cell performance studies were conducted orBiPBI membranes that
included polarization curves with hydrogen/air am@formate/air fuel/oxidant
combinations over a range of temperatures (120-C30The performance of i-AB-PBI
in comparison to reported literature of AB-PBI, ngsihydrogen/oxygen with 1.2:2.0
stoichiometric flows is shown inFigure 3.9 Significant increases in fuel cell
performances for i-AB-PBI were observed over a eaofjtemperatures (120-180 °C). At
a current density of 0.2 A/dna voltage of approximately 0.65 V was observeth wi

hydrogen and air supplied at 1.2 and 2.0 stoichiomiows.
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Figure 3.9: Polarization curves for i-AB-PBI membranes with lggen/oxygen at 1.2:2.0
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The polarization curves for the new sequence isomién hydrogen/air and
reformate/air are shown ikigure 3.10 and Figure 3.11 respectively. As would be
expected, a slight decrease in performance waswasevhen the oxidant was changed
from pure oxygen to air. The reformate gas usdtiese polarization studies consisted of
approximately 70 % hydrogen, 28 % ¢@nd 2 % CO. In the reformate/air polarization
curve, it is shown that i-AB-PBI membranes maintairhigh performance at 180 °C,
even in the presence of carbon monoxide, a welwknfuel contaminate. At lower
temperatures and in the presence of CO (2 %),nafisignt decrease in performance was
observed, as would be expected from decreasedagedtinetics and irreversible Pt—CO
binding. A lifetime performance study was conductedi-AB-PBlI membranes and is

shown inFigure 3.12 An observed break-in period of around 500 h waseoved before
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the cell reached and maintained an average outflu65 V. The test was conducted over
a period of 3500 h with a relatively constant otitpaltage of 0.65 V at 0.2 A/cm
Several facility events occurred during the lifezgirstudy of i-AB-PBI which led to
uncontrolled shutdowns. However, a full recoverythsd cell was observed after normal
re-start operations. The long (500 h) break-in qeerior i-AB-PBI membranes was
attributed to the higher polymer content (~7-10.%8h)ch introduces a resistance to the
transfer of internal PA of the film to the catatyinterface of the electrodes during initial

fuel cell operation.
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Figure 3.10: Polarization curves for i-AB-PBI membranes witidlhggen/air at 1.2:2.0
stoichiometric flows respectively. [Squares: 18Qiangles: 160°C, circles: 140°C,
inverted triangles: 120°C.]
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and deviations were uncontrolled facility events.
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3.8 Conclusions

AB-PBI membranes were prepared using the PPA pso@nd compared to
reported literature on the known conventionally iipgélol AB-PBI membranes. A new
diacid monomer was synthesized from an imidateti@agvith 3,4-diaminobenzoic acid.
Polymerization of this diacid monomer with 3,3’-4tdtraminobiphenyl yielded a new
sequence isomer of AB-PBI, termed i-AB-PBI. Polyination studies were conducted
with the new diacid which showed an unusual depecel®n monomer concentration,
but revealed conditions where high 1.V. polymersldde prepared. Optimal conditions
for the polymerization of high molecular weight BA°BlI membranes was determined to
be 6wt% monomer charge. Membranes prepared fron?B#e process exhibited higher
levels of PA than typically reported for conventdly imbibed AB-PBI. The membrane
mechanical property characterization and protondaotivity measurements indicated
that the membranes formed from i-AB-PBI were sud@atandidates for high temperature
polymer membrane fuel cells.

The new sequence isomer, i-AB-PBI, was found tdelse soluble in phosphoric
acid and mechanically stable at elevated tempeas{{1r20-180 °C) with high phosphoric
acid doping levels (24-35 mol PA/mol polymer repeait). The changes in chain
sequence incorporated into the new i-AB-PBI as cmeg to AB-PBI are believed to
affect chain stiffness which may contribute to thieserved decreased solubility and
increased gel stability in phosphoric acid at higimperatures. AB-PBI membranes with
higher polymer content (~7-10.5 wt%) than those areg from the traditional AB-PBI
(-3 wt%) were obtained using the PPA process. Ttreased solids content of the i-AB-

PBI films resulted in membranes that were more raeally robust when compared to
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the in-house AB-PBI films prepared using the PPAcpss. Fuel cell performance
evaluations were conducted using i-AB-PBl membraares an output voltage of 0.65 V
at 0.2 Alcni for hydrogen/air at an operational temperatur@8ff °C was observed. The
new i-AB-PBI has been reported as a promising aatdifor high temperature PEM fuel
cell devices? This new sequence isomer of AB-PBI represents & type of AB
polybenzimidazole and presents opportunities ferrédsearch and development of a new

class of AB-type polybenzimidazoles.
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4.1 Introduction to Randomized AB-type Polybenzimiézole Polymers

To date, a large variety of polybenzimidazole (PBblymers have been
synthesized and studied in the literattifeHowever, PBI chemistry still remains an
important area of interest in the high-temperatEM fuel cell community. Many PBI
variants containing a range of structural and fiometl moieties have been examined to
further explore the effects of polymer structure membrane propertiés?® Among
these, several copolymer systems have been ew@dltmtextensively investigate how
their properties change with respect to compositidin this work, sequence isomerism
in a unique copolymer system is evaluated.

The recently reported synthesis of a novel isomABePBI, termed i-AB-PBI,
was shown to have significantly improved propertiesulting from a change in the
benzimidazole sequence of the polymer, as comparé®B-PBI.! The development of
this new sequence isomer with regards to AB-PBI p@esented the opportunity to
research and develop a new class of AB-type pobib@dazoles. In this chapter the
evaluation of random copolymers of various compasst between AB-PBI and i-AB-
PBI, termed r-AB-PBI, are described. Isomerizatofrthe benzimidazole orientation in
the i-AB-PBI allowed for direct comparison with ABBI and provided insights into the
fundamental structure property relationships of ybehzimidazoles. Variation of
composition in the r-AB-PBI system allows for thieedt study of how incorporation of
various amounts of 2,2 and 5,5 linkages affect gheperties of these materials by
changing the main chain benzimidazole sequefigeire 4.1 shows the structural repeat

units incorporated in the AB-PBI, i-AB-PBI and ramd AB-PBI polymers.
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Figure 4.1: A: Poly(2,5-benzimidazole)(AB-PBI), B: Isomeric ABBI (i-AB-PBI), and
C: Random AB-PBI (r-AB-PBI).

In this chapter, the evaluation of polymer eldgteo membranes prepared from
the random copolymers of AB-PBI and i-AB-PBI aresci&bed with regards to their
proton conductivity, solubility, mechanical statyi)i thermal properties, and high
temperature fuel cell performance. Moreover, thpegperties are compared to both
homo-polymers of AB-PBI and i-AB-PBI to gain instgbn how the material properties

are affected by the change and variation of ma@nchenzimidazole sequence.
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4.2 Polymerization of Random AB-PBI copolymers (r-A8-PBI)

Using the previously reported novel bisbenzimidezanonome?, 2,2
bisbenzimidazole-5,5'-dicarboxylic acid, along witbcrystallized 3,4-diaminobenzoic
acid and 3,3',4,4'-tetraaminobiphenyl, in PPA solytrandom copolymers of AB-PBI
andi-AB-PBI were prepared, as shown$theme 4.1Assuming the Principal of Equal
Reactivity”’, copolymerization of the above mentioned monomessilts in a randomized
benzimidazole sequence, i.e., a polymer chain ceegpof repeating 2,5-benzimidazole
units with a random sequence of 2,5 2,2 and 5Kka¢ies. Polymerization of these
monomers is an AA-BB-AB type polycondensation patyization, and as defined by the
Carother's Equatidh an exact stoichiometric ratio is needed between a#a BB
monomers to achieve high molecular weight polym&y varying the 3,4-
diaminobenzoic acid molar ratio, random copolymempositions between 0 and 100
mol % of AB-PBI and i-AB-PBI were synthesized. Puolrization conditions were
adjusted from the previously reported syntheticditions® of the corresponding homo-
polymers as composition was varied. Random copalynoé AB-PBI and i-AB-PBI
obtained had inherent viscosities ranging betwedd 2and 3.48 dL/g, indicating that
high molecular weight polymers were obtained. Paymolutions resulting from the
PPA process were directly cast and hydrolyzed pwtymer electrolyte membranes
doped with phosphoric acid. These resulting gehdilwere then evaluated in terms of

conductivity, mechanical stability, and high tengiare fuel cell performance.
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Scheme 4.1Synthesis of Random AB-PBI Polymers.
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4.3 Polymer Electrolyte Membrane Fabrication and Poperties

Once polymerized, polymer solutions of r-AB-PBI watirectly cast at 220°C
onto heated glass plates (120 °C oven temperatisiey a 20 mil (508um) casting
blade. The glass plates were then placed into aohygils chamber with a controlled
relative humidity of 55.5%. This induced a sol-t-gransition as the polyphosphoric
acid of the membrane hydrolyzed into phosphoriad and the system temperature
decreased to ambient conditions. Resulting membraseee then analyzed by titration to
obtain compositional measurements. The membrangasition data obtained shows
that the typical compositions ofAB-PBI membranes (as cast) prepared using the PPA
process are greater than 50 wt% phosphoric acidhand a polymer content ranging
from 6.22-11.61 wt%. Mechanical property evaluadioof the r-AB-PBI doped
membranes were conducted and typically yielded §sumoduli ranging from 0.3-1.6
MPa and tensile strengths between 0.3-1.0 MPa. Mamebcomposition data along with

other significant properties for r-AB-PBI films asaown inTable 4.1
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Table 4.1: Characterization Results for Random AB-PBI Polymersand Membranes

... Monomer " Anhydrc_Ju_s
Cqmp93|t|on Charge LV, Membrane Composition Mol PA/ Conductivity
i-AB:AB (Wt%) Mol BI 180C
(Wi%) (Slcm)
i-AB  AB PA H,O Polymer
1 100 0 6.21 3.05 5498 37.76 7.26 9.09 0.202
90 10 5.96 227 5298 38.8 8.23 7.63 0.133
3* 90 10 5.50 2.13 58.12 33.69 8.19 11.05 NA
4 80 20 6.01 2.26 58.13 35.66 6.22 9.64 0.059
5 70 30 4.50 3.38 54.81 38.03 7.16 11.09 0.2
6* 70 30 5.84 2.67 54.49 39.94 9.57 7.19 NA
7 60 40 4.97 3.48 59.17 34.48 6.35 5.11 0.18
50 50 5.48 259 64.99 2429 10.72 7.51 0.217
9 40 60 4.96 3.11 4938 39.01 1161 6.5 0.112
10 30 70 5.45 3.37 55.09 36.21 8.7 7.7 0.146
11 20 80 3.61 230 56.17 33.58 10.25 8.65 0.0878
12 10 90 3.05 3.23 58.3 32.73 8.97 9.09 0.219
13* 0 100 2.76 463 62.17 34.36 3.47 7.63 NA

*Samples obtained were not suitable for high tempge proton conductivity measurements. I.V.-
Inherent Viscosity, Bl- Benzimidazole

4.4 Thermal Characterization and Analysis

PBI type polymers are well-known for their high tfmal stabilities resulting from
their fully aromatic structure and polymer chaidity.**?*?®Thermal evaluations of r-
AB-PBI copolymers were conducted via TGA from ambbieemperature to 750°C with a
heating rate of 5°C/min in nitrogen. TGA curves dghermal data for several samples of
the r-AB-PBI copolymers, along with AB-PBI and i-ABBI are shown irFigure 4.2
and Table 4.2respectively. Two weight loss regions were obselwvethe analysis: an
initial weight loss region between 100-200°C, andeaomposition region above 600°C.

The initial weight loss region between 100-200°Gutes from loss of bound water,
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despite thorough drying under vacuum at 120°C. (rBymers are very hygroscopic and

have been shown to absorb approximately 10-15%wgght) of water, even in short

sample handling timéeS. Thermal degradation of the polymer backbone is mwiese

between 580°C and 600°C. Above 600°C, rapid wdiggg is observedzigure 4.2 and

Table 4.2show that less than 10% weight loss is observes¥@tC and 600°C for AB-

PBI and i-AB-PBI respectively, indicating the highermal stabilities of ordered

polybenzimidazoles. Randomized polybenzimidazolespes showed slightly lower

thermal stability and a higher degradation ratewaslld be expected from disrupted

chain packing. The randomized polybenzimidazoleso adhowed an unusual drop

between 200-300°C that was not observed in thesponding homopolymers.
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Figure 4.2: TGA curves for AB-PBI, i-AB-PBI, and r-AB-PBI initnogen.
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Table 4.2: Thermal Properties for AB-PBI Polymers Uhder Nitrogen

Sample T Tas Ta10
i-AB-PBI 500°C 304°C 572°C
70:30 r-AB 512°C 238°C 381°C
50:50 r-AB 515°C 242°C 378°C
30:70 r-AB 379°C 220°C 351°C
AB-PBI 520°C 268°C 606°C
Td5: Temperature at 5% weight loss

Td10: Temperature at 10% weight loss

All samples were then investigated using TGA-MSbalyze the off-gas in that
temperature range. The TGA-MS analysis showed dbssater and trace amounts of
residual DMSO solvent used in monomer purificatieigure 4.3 shows a representative
TGA-MS analysis showing trace amounts of DMSO aMdSD-H20 complexes. TGA

curves of AB-PBI, i-AB-PBI and r-AB-PBI suggest théhermal stability is inversely

proportional to the randomization of benzimidaz@euence.
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Figure 4.3: TGA-MS analysis of 30:70 r-AB-PBI copolymer.
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4.5 Glass Transition Temperature (Tg) Effects

DSC measurements were conducted over the compuditiange of the
copolymers as an initial method of observing The DSC thermograms revealed
information about the glass transitions, but weot¢ prominent enough for accurate
interpretation. Therefore DMA measurements weralaoted to precisely determine the
glass transition temperatures of the copolymerass&iransition events were clearly
observed as shown iRigure 4.4 which shows a representative DMA tarplot of a
30:70 (i-AB:AB) r-AB-PBI. As the compositional spgeem of the copolymers was
evaluated, an anomalousy Teffect was observed. ThegTvalues for r-AB-PBI
compositions are shown igure 4.5 The theoretical Jvalues for the r-AB-PBI were
calculated by the Fox equatfon Equation 4.1
M W

. 1
Equation 4.1 —
Tg  Tg1 Tgo

where W and W are the weight fractions andyTand Ty, are the glass transition
temperatures of the corresponding homopolymers. &Rperimental values were
compared to theoreticalgTvalues, and showed a sharp deviation from theiqisstl
values corresponding with the region of highestoamnization. The DMA results were
confirmed when new polymer batches were evaluatedl the measurements were
reproduced. The deviation of the experimentallyedeined Tg values from those
predicted by the Fox equation are unusual, butnateunprecedented in literatuf®&®?
N.W. Johnston has reviewed sequence distributiaasgtransition effects in copolymer
systems and gave numerous examples of copolyme&nsysn which deviations from
predicted Tg values using the Fox equation weremies® It was observed that as

randomization of the benzimidazole sequence appsmh@ maximum, the gTof the
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material was lowered. The lowes§ Falue of 379 "C was observed in the compositional
region where randomization was maximized, near @0:AB:AB due to weight
contribution. This measurement was confirmed usisgcond sample from a subsequent
polymerization. It is surmised that the disruptedgularity of the benzimidazole sequence
impacts inter-chain associations and chain packiegylting in lowered glass transition
temperaturesFigure 4.6 shows the width of the ta®h peak at half-max, which also
supports our conclusion that the randomization tswee inter-chain association. To
further evaluate this effect, other fundamental pprides such as solubility were

evaluated.
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Figure 4.4 DMA tan plot of r-AB-PBI (30:70 i-AB:AB).
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4.6 Solubility Study

Polybenzimidazoles are known for their low solitpiand are generally only soluble in
aprotic or strong acid solveritsSeveral attempts to increase the solubility of BBk polymers
have been made by incorporation of soluble linkafiesctionalities and copolymerizatiafts®
In this work, the effects of randomization of thenkimidazole sequence on solubility were
examined.

Based upon the earlier work of Vogel and M&f%l concerning solubility of
polybenzimidazoles, the solubility of AB-PBI, i-ABBIl, and r-AB-PBI copolymers were
evaluated in several common organic solvents. & feand that all of the AB type PBIs have
very low solubility in the organic solvents evakght however, a change in solubility was
observed across the compositional spectrum of P&B-samples. This change in solubility
results from the randomization of benzimidazoleusege as the chemical composition and
functionality are not changed in the r-AB-PBI copukrs. The results of the evaluation,
illustrating the sequence dependence on solubdity,shown ifmrable 4.3 Although the change
in solubility is not dramatic, it does show thag trientation of the benzimidazole nitrogen atoms
in the polymer main chain effects polymer-solveatieiactions. These effects were also noted in
the previously reported evaluation of the isoméxi-PBI.?* To further evaluate these effects,

studies of the proton conductivity of phosphorielatoped membranes were conducted.

4.7 lonic Conductivity

As previously mentioned, PBI has both proton atmregind donor sites that
contribute to polymer-solvent interactions. Thederactions greatly affect the retention
of phosphoric acid in PBI membranes. Since protwrdaction is proposed to occur by
means of the Grotthuss-type (hopping) mechaffismientation of benzimidazole

motifs along the polymer chain may affect the pnotonduction of the material when
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doped with phosphoric acid. In previous work, wegenahown that changes in the
benzimidazole sequence within the polymer mainrchéect the acid retention in the
membrane, which in turn affects proton conductifitin the present work, the proton
conductivity of several samples across the comiposit spectrum of r-AB-PBI were
evaluated. AB-PBI homopolymer samples are not shiovine conductivity evaluations
because the membranes with high acid content fofroed AB-PBI using the PPA
process were found to be unstable at temperatveeseg than 100°C, reverting back to
the solution state. A trend was observed in th&fB| samples, indicating that as
randomization of the benzimidazole sequence inekdbe conductivity of the material
was loweredFigure 4.7 shows the temperature dependence of the condiegivi
measured for i-AB-PBI and r-AB-PBI samples. Repeaasurements were conducted to
determine the error of the measurement and tocalstrm the observed trend. Moderate
to high conductivities were observed for the r-ABHeopolymers as compared to
previous literature results for AB-PBI with lowenaunts of phosphoric acid dop&ht
The conductivities of the membranes generally scai¢h the PA/BI in the membrane.
Several of the compositions were found to have wégly proton conductivity (~0.2
S/cm) and indicated these membranes were suitahtidates for high temperature fuel

cell applications.

Table 4.3: Solubility Evaluation Results for r-ABPBI Polymers

Qualitative Solubility

Polymer

Formic . Formic
Polymer (ng) DMAc “Acid NMP DMACI/LICI Acid/m-cresol
(158°C) (98°C) (195°C) (158°C) (98°C)
i-AB-PBI 3.05 + ++ + + ++
70:30 r-AB-
PBI 2.67 ++ + ++ + +
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50:50 r-AB-

PBI 2.59 + ++ + ++ +
30:70 r-AB- 3.37 + ++ ++ 4+ 44+
PBI

AB-PBI 4.63 + +++ + ++ ++

+++: Soluble, ++: Mostly Soluble, +: Very little lstility with polymer swelling, - : No solubility
Solutions were made at 1wt% and held at temper&bui@ days with constant stirring
Observations made on hot solutions.
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Figure 4.7: Anhydrous conductivity evaluation for r-AB-PBI B80°C. [Squares:AB-
PBI, circles: 70:30 i-AB:AB, triangles: 50:50AB:AB, inverted triangle: 30:70
AB:AB, diamonds: reported literature values foryg@l5-benzimidazole)(AB-PBI}

Since conductivity is very closely associated with electrolyte doping level in
polymer electrolyte membranes, the relationshipvbeth PA retention and r-AB-PBI
composition was investigate#figure 4.8 shows that compositions above 50 mol % i-
AB-PBI in AB-PBI copolymers generally retained mdeé than compositions below
that percentage. Previous work showed that the iPBB membranes were more stable

with respect to phosphoric acid loading than AB-Riedmbranes and had a higher acid

retention®® This correlates with the trend discussedFigure 4.7. When conductivity
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was examined with respect to PA retention, a végraelationship was observed and is
shown inFigure 4.9, A critical doping level was observed between @ 8moles of PA
per moles of benzimidazole. Above this criticaldewconductivities of 0.2 S/cm were
consistently observed, whereas below this level ntiaximum conductivity achieved was
0.1 S/cm. We believe this trend in acid loading, gel stapitind proton conductivity
correlates with the Tg trend discussed earlier,ianddicative of the difference in chain

packing associated with the sequence randomization.

12

10

PA/BI
(o]
1

5 |

1 1T 1 1T T T T T T "~ T "1
i-AB 90:1080:20 70:30 60:40 50:50 40:60 30:70 20:8010:90 AB

Composition (mol%)

Figure 4.8 Variation of acid loading with copolymer to congutcon for r-AB-PBI
copolymers. PA/BI: moles PA per mole of benzimidazo
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Figure 4.9Effect of phosphoric acid loading on ionic condvity at 180°C for r-AB-
PBI copolymers. PA/BI: moles PA per mole of benziazole.

4.8 Fuel Cell Performance

Fuel cell performance evaluations were conductedhenr-AB-PBI membranes
which included polarization curves using a hydrdgerfuel/oxidant combination over a
range of temperatures (120-180 °C). Representptilarization curves are shown for the
60:40 (i-AB:AB) r-AB-PBI along with i-AB-PBI inFigure 4.10 and Figure 4.11
respectively. These two samples were selected sheyehave similar phosphoric acid
loadings and similar high temperature anhydrousci@monductivities. A decrease in
performance over the range of temperatures evaluwess observed for the randomized
AB-PBI when compared to i-AB-PBI and might indicatehange in polymer-phosphoric
acid interactions or an effect of polymer order tbe conduction pathways. Lifetime
performance studies were conducted on the r-AB+R&nbranes and an average output

voltage ranging from 0.5-0.6 V at a current density0.2 A/cnf was observed which
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appear to be stable over several hundred housh@asn inFigure 4.12 A trend in fuel

cell performance was observed as the compositgpgdtrum was shifted towards that of
AB-PBI and is shown as the inset leigure 4.12 The trend observed for the fuel cell
performance in r-AB-PBI compositions correlatesedily with the results observed for

conductivity.
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Figure 4.1Q Polarization curves for 60:40AB-PBI:AB-PBI using H2:Air 1.2:2.0 stoichiometric
flows respectively. [Squares: 180°C, circles: 16Gf@angles: 140°C, inverted triangles: 120°C.]
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Figure 4.11 Polarization curves for-AB-PBI using H2:Air 1.2:2.0 stoichiometric flows
respectively. [Squares: 180°C, circles: 160°Cnglas: 140°C, inverted triangles:
120°C.]
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Figure 4.12: Lifetime fuel cell performance of 40:604B:AB) r-AB-PBI membrane.
Inset: Fuel cell performance observed over compuosit range for the r-AB-PBI
copolymer system. Data collected from fuel cellsraped at 180°C supplied with
hydrogen/air at 1.2:2.0 stoichiometric flows regpety, under 1 atm without applied
backpressure or humidification.

4.9 Conclusions

A combination of monomer design and copolymerizatechniques were used to
prepare high molecular weight AB type polybenzimmlas comprised of a randomized
benzimidazole sequence. Disrupted regularity ofisege in the polymer main chain was
found to affect fundamental polymer properties,hsas chain packing, solubility, glass
transition () temperatures as well as membrane propertiesdortemperature fuel cell
application.

Phosphoric acid doped random co-polymer membrah@8-PBI andi-AB-PBI
were developed using the PPA process. The randorPBIBpolymers had inherent

viscosities >2.0 dL/g, and formed mechanically silfims. Thermal evaluations of the
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randomized AB-PBI copolymers showed a slight desgeen thermal stability when
compared to the ordered structures of AB-PBI aA84PBI. Glass transition () values
measured for the r-AB-PBI showed an unexpected edsmpn when compared to
theoretical values, and a maximumdepression of 140°C was observed.

Randomized AB-PBI copolymers showed several diffees across the
compositional spectrum when compared to the AB-REd i-AB-PBl homopolymers,
indicating primary chemistry and sequence affectpprties of both the polymer and
membranes derived thereof. A sequence dependemsodubility was observed as well as
trends regarding conductivity, PA retention, anel ftell performance. Random AB-PBI
copolymer membranes were evaluated for mechani¢adity, ionic conductivity and
fuel cell performance. An output voltage rangingween 0.5 and 0.6 V at 0.2 A/érfor
hydrogen/air at an operational temperature of 18038 observed for several r-AB-PBI
compositions, indicating these materials would hatable candidates for high
temperature fuel cell applications. When compafillgs with similar PA doping and
conductivity, an effect on fuel cell performancenr sequence isomerism was observed.
Thus it appears that both high PA loadings and aenwdered polymer structure
contribute to high conductivities and membrane proes.

Overall, this unique copolymer series provided @pportunity to evaluate
fundamental properties of polybenzimidazole thatuMionot be achievable in other
copolymer systems. Because the copolymers evaluaiedist of only repeating 2,5
benzimidazole units, without extraneous functidgalor spacers, the fundamental
properties of polybenzimidazole regarding sequermeéntation, and regularity are

reported.
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Chapter 5: Structure Property Relationships in Pheryl-AB
Polybenzimidazole Copolymer Systenis

*Gulledge, A. L.; Fishel, K.; Bottorff, M.; Beniceud, B.Journal of Polymer Science,
Part A: Polymer Chemistry 2014 In preparation.
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5.1 Introduction

Polybenzimidazoles (PBIs) are a class of arontagterocyclic polymers that are
well suited for high-temperature applicatidn®Bls are well known for their high
chemical and thermal stabilities during high terapere fuel cell operation conditiofs.
PBI possesses both proton donor and acceptor thi¢sallow for specific interactions
with polar solvents such as PA.PBI polymers doped with PA are readily achievable
and have been noted as a promising material foasig®lymer electrolyte membranes in
high-temperature PEM fuel cell deviceBBI polymer membranes doped with PA used
in PEM fuel cells are capable of operating at terafpees up to 200°C because they do
not rely on water for proton conductiBrDue to the excellent thermal and chemical
properties of PBI membranes doped with PA, theseenads are excellent candidates for
low-cost and high-performance fuel cell applicasioifo date, a large variety of PBI
polymers have been synthesized and studied iritérature’*? however, PBI chemistry
still remains an important area of interest in thigh-temperature PEM fuel cell
community.

With the evolution of polymer science in termscopolymer structure, chemical
functionalization, and targeted applications, strites property relationships have become
an increasingly important aspect of new materisdsetbpment. Generally, specific
structure property relationships are evaluated dipgly only to the parent chemistry of
the system. Herein, we have performed a side by samparison of AB/p-PBI type
polybenzimidazoles to determine structure-propegiationships that can be applied
broadly to polymer electrolyte membrane system® dimique combination and contrast

of properties in the AB/p-PBI and i-AB/p-PBI systerprovided insight into effects
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resulting from structural modification, sequenceeatation, stability, and randomization.
The AB-PBI and p-PBI system addresses aspectsist@ading, stability, and structural
modification, whereas the i-AB-PBl and p-PBIl systeaddresses comparisons of
sequence isomerism and randomization between tglo performance PEM materials.
The comparative evaluation of both copolymer systgmovided greater insights and
applicability to PEM material design than analysisither system alone. The structures
and corresponding synthetic schemes are shov8tleme 5.l1and Scheme 5.Zor the
AB/p-PBI and i-AB/p-PBI systems, respectively. Robr electrolyte membranes from
these copolymer systems were prepared using the gP&dess and were evaluated in
terms of composition, mechanical integrity, ionenductivity and fuel cell performance.
The properties of the copolymer membranes were aomdpto all corresponding

homopolymer structures.
Q NH, H,N NH,
OH HO NH, *
HO + H2N NH2
O
O
H H
gs T
H , N\
_PPA _ N N N
220°C \ y
N X

AB/p-PBI

Scheme 5.1Reaction scheme for the polymerization of AB/p-RBpolymers.
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i-AB/p-PBI
Scheme 5.2Reaction scheme for the polymerization of i-AB/B{ random copolymers.

5.2: Polymerization of Copolymer Systems

Random AB/p-PBI copolymers were synthesized byRRé process using 3,4-
diaminobenzoic acid, 3,3',4,4'-tetraaminobipheryid terephthalic acid monomers as
shown inScheme 5.1Assuming the principal of equal reactivitypolymerization of the
above monomers results in randomized incorporatiothe AB benzimidazole anp-
phenyl PBI motif within the polymer backbone. Pobmimation of the above described
system is an AA-BB-AB polycondensation. Molar inoents between 0 and 100% of
the corresponding homopolymers were synthesizedabigtion of AB monomer content
while maintaining an exact stoichiometric rationvibeen the AA and BB monomers. As
defined by the Carothers equafigran exact stoichiometric ratio is needed betwe&n A
and BB monomers to achieve high-molecular weiglymer. Polymerization conditions
were modified from the previously reported synthetonditions of AB-PBf and p-
PBI'’ based on copolymer composition. Polymer solutisese then directly cast and

humidified to obtain corresponding gel-membranesechanical properties, ionic
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conductivity, and high-temperature fuel cell peni@ance were then measured on the gel
membranes.

Random i-AB/p-PBI copolymers were also synthesibgdthe PPA proces$
using 2,2'-bisbenzimidazole-5,5'-dicarboxylic acid,3',4,4'-tetraaminobiphenyl, and
terephthalic acid monomers as showrScheme 5.2Randomized incorporation of the
2,2 and 5,5 benzimidazole linkages and p-phenyl R&ifs is assumed considering the
principal of equal reactiviy and is consistent with our previous studfes.
Polymerization of the above monomers is an AA-BB-Aype polycondensation
polymerization in which two different diacid monoraewvere used. Molar increments
ranging from 0 to 100% of each corresponding horhwper were synthesized by
varying the ratio of the diacid monomers. Polymation conditions were modified from
previously reported synthetic conditions of i-AB4P&8nd p-PBI based on copolymer
composition. Polymer solutions were then directigstc and humidified to obtain
corresponding gel-membranes. Mechanical properi@sc conductivity, and high-
temperature fuel cell performance were measuratie@gel membranes.

5.3: Membrane Compositional Analysis

All polymer membranes were evaluated via titratiordetermine the phosphoric
acid, water, and polymer content. The data providethble 5.1 showed that there was
no significant change in polymer, acid or waterteah as the copolymer composition
shifted from p-PBI to AB-PBI. The 90:10 (AB/p-PBdppolymer showed an unusually
high polymer content and lower acid loading. Thkisikely due to a shorter time allowed
for hydrolysis. Comparison of the AB-PBI and p-R&imopolymers indicates a higher

acid retention for AB-PBI. The relatively consistertid compositions of the AB/p-PBI
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copolymers indicates that adding even a small amotiAB-PBI to the p-PBI system
increases the acid retention properties of the lyopgr membranes.

The data shown ifmable 5.2for the i-AB/p-PBI copolymers indicated consistent
acid and water percentages although a gradualaser@ polymer content was observed.
A gradual change in the polymer content was expeagethe increase in final polymer
content of the membranes directly correlates withnerease in monomer charge of the
polymerization. The relatively consistent perceetagof water and acid as the
composition was changed from one homo-polymer t® other indicates the acid
retention effect in this system was equally offest the polymer content of the
membranes. For membranes with higher i-AB-PBI cajta lower acid retention was
observed as these membranes had higher polymeentoaid equal acid percentages
than corresponding membranes with higher p-PBlesdrdind lower percentage polymer
content. This indicates a naturally higher acidem&on of p-PBI than i-AB-PBI
polymers. This is also supported by comparison lo¢ tp-PBlI and i-AB-PBI
homopolymers evaluated. The higher acid retentigm-®BI over i-AB-PBI had evident

effects when evaluating this system's mechanicgegaties and ionic conductivity.

5.4: Mechanical Property Evaluations

The mechanical properties bbth copolymer systems were evaluated at room
temperature. The properties reported are an aveesgé of five random area membrane
samples. The mechanical properties measured irABgPBI copolymer system are
shown inTable 5.3 The AB/p-PBI copolymers showed both stress amagztion at
break in the range of 1.0-3.7MPa and 130-890%, easpely. The stress-at-break

remained relatively consistent across the copolyooenpositional range, but was very
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low for the AB-PBI homopolymer. This is likely due the high acid retention of pure
AB-PBI. The elongation-at-break approximately folkd the same pattern as the stress-
at-break throughout the copolymer compositionatspen. The 60:40 (AB:para) region
of the copolymers showed an increase in both sakebseak and elongation-at-break,
however, this result directly correlated with arcreased inherent viscosity, and is
therefore not attributed to the copolymer componiti

Table 5.1:Characterization Results for AB/p-PBl Copolymerd &embranes

Monomer
Composition Charge IVT  Membrane Composition Mol .
Sample (mol %) (wt%) (dL/g) (wt %) PA/BI
AB-PBI p-PBI H,O Polymer PA*

1 0 100 3.25 3.05 41.20 3.50 55.30 12.51
2 10 90 4.95 271 2281 4.78 72.41 23.50
3 20 80 5.15 238 23.75 4.62 71.63 23.70
4 30 70 4.87 3.51 25.42 4.16 70.42 25.44
5 40 60 4.94 1.98 24.43 4.84 70.73 21.55
6 50 50 5.53 451 26.65 4.63 68.72 21.41
7 60 40 5.32 6.41 26.24 4.23 69.53 23.11
8 70 30 5.02 445 27.34 4.68 67.98 19.80
9 80 20 4.10 3.23 29.67 6.68 63.65 12.52
10 90 10 4.50 1.89 30.00 8.73 61.28 8.81
11 100 0 4.84 1.8 22.25 3.93 73.82 2256

t: IV: Inherent viscosity as measured igS, at 30°C
#: PA: Phosphoric acid
*: Mol PA/BI: Mol of Phosphoric acid per mol benziazole

Table 5.2:Characterization Results for i-AB/p-PBI Copolymarsl Membranes

Monomer
Composition Charge YA Membrane Mol .
Sample (mol %) (wWt%) (dL/g)  Composition (wt%)  PA/BI
i-AB-PBl  p-PBI H,O Polymer PA"

1 0 100 3.25 3.05 41.20 3.50 55.30 12.51
12 10 90 3.05 146 41.72 7.20 51.08 8.40
13 20 80 4.01 2.13 43.77 6.76  49.47 8.67
14 30 70 4.09 1.96 42.26 6.67 51.07 9.07
15 40 60 3.92 1.44 40.90 6.94 52.16 8.90
16 50 50 4.49 1.27 4127 7.31 51.42 8.33
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17 60 40 4.99 094 42.12 7.38 50.50 9.07

18 70 30 4.95 1.60 37.84 7.35 54.81 8.84
19 80 20 5.01 1.64 40.20 8.30 51.50 7.34
20 90 10 5.98 152 41.30 9.00 49.70 6.53
21 100 0 6.21 3.05 37.76 7.26 54.98 9.08

t: IV: Inherent viscosity as measured igS, at 30°C
#: PA: Phosphoric acid
*: Mol PA/BI: Mol phosphoric acid per mol benzimiziale

Table 5.3:Mechanical Evaluation Data for AB/p-PBI Copolynembranes

AB-PBI p-PBI Y, Stress at St Elongation St
Sample content content (dL/g) break de\} at break de\}
(mol %)  (mol %) (MPa) ' (%) )

1 0 100 3.05 1.93 0.11 798 10
2 10 90 2.71 2.40 0.2 453 29
3 20 80 2.38 1.80 0.2 295 56
4 30 70 3.51 1.40 0.1 230 34
5 40 60 1.98 0.95 0.1 132 9
6 50 50 4.51 1.90 0.1 258 14
7 60 40 6.41 3.70 0.3 889 11
8 70 30 4.45 1.70 0.2 575 46
9 80 20 3.23 1.30 0.2 413 47
10 90 10 1.89 1.20 0.2 382 52
11 100 0 1.80 0.30 0.02 35 4.9

*: Mechanical properties are an average of fivaloan area samples measured at room temperature.

The mechanical evaluations for the i-AB/p-PBI clgpmer system are shown in
Table 5.4 This data indicates that the stress-at-break elndgation-at-break were
affected by randomization of the homopolymers. Aes ¢composition shifted to a higher
degree of randomization, these properties decreasetlas composition approached a
more ordered sequence, these properties incredded. result is not completely
unexpected as p-PBI and i-AB-PBI are both mechdgia@bust high-performance
polymer electrolyte membrane materials. The ststesn curves of the i-AB/p-PBI
copolymers shown ifigure 5.1indicates a higher Young's modulus for copolyntiet
are higher in i-AB-PBI content. This effect can bederstood by comparing the

flexibility of the para-phenyl moiety to the lock&é&nzimidazole sequence of i-AB-PBI.
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The increased Young's modulus of the higher i-AB-RBntent copolymers could
indicate that the copolymers with a higher p-PBiteat have a higher degree of polymer
chain flexibility, however, further research would needed to confirm this.

Table 5.4:Mechanical Evaluation Data for i-AB/p-PBI Copolymdembranes

i-AB-PBI  p-PBI Stress at Elongation
content content A\ break St. at break St.
Sample (mol %) (mol %) (dL/g) (MPa) dev. (%) dev.
1 0 100 3.05 1.93 0.11 798 10
12 10 90 2.71 1.51 0.19 282 a7
13 20 80 2.38 1.44 0.08 210 09
14 30 70 3.51 1.22 0.05 186 07
15 40 60 1.98 0.94 0.06 107 12
16 50 50 4.51 0.64 0.11 69 16
17 60 40 6.41 0.26 0.04 14 4
18 70 30 4.45 0.39 0.02 42 4
19 80 20 3.23 0.57 0.03 64 7
20 90 10 1.89 1.99 0.16 309 42
21 100 0 1.8 1.09 0.03 186 13

*. Mechanical properties are an average of fivaloan area samples measured at room temperature.

154

Tensile Strength (MPa)

Tensile Stress (mm/mm)

Figure 5.1 Stress strain curves for the i-AB/p-PBI randorpagmers. [squares: i-AB-
PBI, circles: 70:30 i-AB/p-PBI, triangles: 50:5@\B/p-PBl, inverted triangles: 30:70 i-
AB/p-PBI, diamonds: p-PBI]
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5.5: lonic Conductivity

lonic conductivities were evaluated for all polynedectrolyte membranes. The
conductivities for AB/p-PBI random copolymers ateown in Figure 5.2 As AB-PBI
content increased, ionic conductivity decreased-PEB has been reported to be unstable
at high temperatures when produced by the PPA gsdt&his is evident in the 90:10
(AB/p-PBI) copolymer, where conductivity decreasggnificantly as the temperature
increased above 60°C. Attempts to measure the mmiductivity of pure AB-PBI were
unsuccessful for these high phosphoric acid conterhbranes. Notably, all of the other

compositions were stable up to 160°C.
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Figure 5.2 lonic conductivities for AB/p-PBI random copolyme[squares: 10:90
AB/p-PBI, circles: 30:70 AB/p-PBI, triangles: 50:3®/p-PBl, inverted triangles: 70:30
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The ionic conductivities of the i-AB/p-PBI randooopolymers are shown in
Figure 5.3 The conductivities of the i-AB/p-PBlI random copolers showed a
correlation between ionic conductivity and p-PBhtamt. As mentioned previously, as
the copolymer composition shifted from i-AB-PBI ePBI higher acid retention was
observed for copolymers with higher p-PBI contdhhas been shown that PA doping
levels in these systems directly affects the pratonductivity measuretf. All i-AB/p-

PBI copolymers showed desirable proton conduatisitior high-temperature fuel cell

applications.
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Figure 5.3 lonic conductivities for i-AB/p-PBI random copaohers. [squares: p-PBlI,
circles: 30:70 i-AB/p-PBI, triangles: 50:50 i-ABMBI, inverted triangles: 70:30 i-AB/p-
PBI, diamonds: i-AB-PBI]
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5.6: Fuel Cell Performance

Fuel cell polarization curves for the AB/p-PBI obymers are shown ifigure
5.4 Among the AB/p-PBI copolymers evaluated for htgmperature fuel cell
performance, similar performances were observed dinectly correlated with the
percentages of PA in the membranes (Table 5.1hl&St@erformance was not observed
when AB-PBI content was higher than 70%. This recatly related to the instability of

AB-PBI membranes doped with phosphoric acid atdhemperatures.
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Figure 5.4 Polarization curves for AB/p-PBI copolymers ab1® using H:Air 0.6:2.0
stoichiometric flows, respectively. Performanceleatons were conducted without
applied pressure or humidification. [squares: 6@8Mp-PBI, circles: 30:70 AB/p-PBI,
triangles, 70:30 AB/p-PBI]

Fuel cell polarization curves for the i-AB/p-PBdpolymers are shown iRigure
5.5 The data for the i-AB/p-PBI copolymers indicatgaseffect of randomization on fuel
cell performance. As the PBI sequence was randahifeel cell performances
decreased, and were observed to increase as caiopesnoved towards a more ordered
sequence. The fuel cell performance evaluationshien-AB/p-PBI copolymers did not
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correlate with the percentage of PA of the memlsaidis is consistent with trends
observed in the mechanical properties for this boper system. Several of the i-AB/p-
PBI random copolymers were also evaluated in fifeti studies. All i-AB/p-PBI

copolymers showed stable performances for the esoluration measured (over 1000

hours) as shown iRigure 5.6.
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Figure 5.5 Polarization curves for i-AB/p-PBI copolymersl&0°C using BHAir 1.2:2.0
stoichiometric flows respectively. Performance aa#ibns were conducted without
applied pressure or humidification.[squares: p-RBtles: 30:70 i-AB/p-PBlI, triangles:
50:50 i-AB/p-PBlI, inverted triangles: i-AB-PBI]
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Figure 5.6 Lifetime performance for 30:70 i-AB/p-PBI copolgmat 180°C at 0.2 A/chm
with Hy:Air 1.2:2.0 stoichiometric flows, respectively. kh@ntary drops in voltage are
attributed to interruptions of measurement by tbkage detector. Data was recorded
every 2 seconds for 1500 hours.

5.7: Conclusions

Random copolymers of AB-PBI and p-PBI termed ABM} and of i-AB-PBI
and p-PBI termed i-AB/p-PBI were synthesized via BPA process and evaluated for
membrane composition, mechanical properties, iooanductivities, and high-
temperature fuel cell performances. Random copalymeere synthesized under
conditions similar to optimized conditions for tberresponding homopolymer closest in
composition.

Compositional analysis of the AB/p-PBI copolymemwed similar membrane
compositions in terms of phosphoric acid, wated polymer content. Comparison of the
random AB/p-PBI copolymers and the AB-PBI and p-BBmopolymers indicated that a
small amount of AB-PBI incorporation caused an éase in the acid retention of the

system which remained relatively constant throughitne copolymer compositional
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series. In the i-AB/p-PBI copolymer system, acigtnéion was gradually increased as the
composition was shifted from i-AB-PBI to p-PBI, buias offset by the increase in
polymer content of the final membrane resultingrétatively consistent acid doping
levels. These results were further supported wiemparisons were made with the i-AB-
PBI and p-PBI homopolymers.

Room-temperature mechanical evaluations were caedudor acid doped
membranes for both copolymer systems. Evaluatiotn@fAB/p-PBI copolymer system
indicated that mechanical properties were relagivednsistent in terms of polymer
structure as the copolymer composition was var&thnges that were observed in the
mechanical properties were attributed to differen@e inherent viscosity and acid
loadings, and could not be attributed to polymempositional changes. However,
mechanical property evaluation of the i-AB/p-PBpotymers indicated that the changes
were attributable to the polymer composition. Ttiess-at-break and elongation-at-break
decreased as randomization of the system incredges.is consistent with previous
evaluations of randomization in ordered systéins.decrease in Young's moduli of the
i-AB/p-PBI copolymers was observed as the p-PBlteonincreased. This could be
attributed to an increased flexibility of the pantaenyl moiety of p-PBI as compared to
the locked benzimidazole structure of i-AB-PBI.

lonic conductivity measurements were conducted uadéydrous conditions at
temperatures up to 180°C for both random copolysystems. Evaluations of the AB/p-
PBI random copolymers showed a decrease of ionmdwdiivity as AB-PBI content
increased. Since the AB/p-PBI copolymers had simaled loadings, this effect was

attributed to the instability of AB-PBI membrane#thwhigh acid loadings at elevated
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temperatures. This effect was also evident bydh&iconductivity behavior of the 90:10
(AB/p-PBI) copolymer, which exhibited a significadtop in ionic conductivity above
80°C. AB-PBI homopolymer membranes were unstableletated temperatures and
ionic conductivity measurements could not be cotetlicThe i-AB/p-PBI copolymer
membranes showed an increase in ionic conductiity increased p-PBI content. These
effects were largely attributed to the acid-to-mody ratio of the membranes.

Fuel cell performance evaluations were conductedhath the AB/p-PBI and i-
AB/p-PBI copolymer membranes. Fuel cell performanoé the AB/p-PBI copolymer
membranes directly correlated with the percent acahtent of the membrane.
Membranes with greater than 70% AB-PBI content wetsd to be unstable under the
fuel cell operation conditions, indicative of thestability of PA-doped AB-PBI
membranes at elevated temperature. Fuel cell pegioces of the i-AB/p-PBI copolymer
membranes decreased as randomization of the copadymcreased. Although the fuel
cell performance decreased with randomizationj-AB/p-PBI copolymer membranes
were found to have suitable high-temperature fuell @erformances. Lifetime
evaluations were conducted for several i-AB/p-P8&inpositions and all showed stable
fuel cell performances for more than 1000 hours.

These studies highlight an important design edtefor membrane gel stability.
Copolymerization of PBI polymers that create highiyndomized polymer sequences
seem to disrupt chain packing in the highly swolbgi state. Thus, even when the
phosphoric acid content in the membranes is redaithe gel thermal stability is likely to
decrease, thus rendering these membranes unsuftableng-term stability at high

temperatures.
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Membrane for All-Vanadium Redox Flow Battery Application®
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6.1 Introduction

As the global demand for energy increases, thel hee and development of
energy technology becomes more relevant. Effedtitiézation of renewable energy
resources, such as wind, solar and geothermalegrered to sustain our ever-growing
population while also decreasing our carbon emissié As a plausible solution to this
challenge, large scale energy storage is envisitmedrve as an important component of
energy sustainability. Technologies concerning gnetorage are complementary with
renewable energy technologies such as solar andl pawer that cannot produce energy
on a continuous basi¢.

Among energy storage devices, redox flow battgfik#B) with the capability to
decouple energy and power densities are relatigaBy to scale up and hence hold a
great potential for large scale energy storageiegns® Of the variety of RFB systems
known to date, one of particular interest is tHevahadium redox flow battery (VRFB).
VRFBs operate through the redox couples of vanadamnms among four oxidation states,
V(n/nv(an) and V(IV)/V(V) for negative and positte respectively, mediated by
concentrated acidic solutiofid® By adopting the same metal for both sides of the
electrochemical cell, concerns raised by the coosdamination in multi-element
systems is then eliminated. VRFBs are therefore ngmitne more well-studied and
characterized RFB system.

The typical cell is comprised of two electrodesasafed by a polymer electrolyte
membrane. As each electrode governs the redoxioraadividually during operation,
the membrane mediates ionic conduction and prev@nssover of the species between

the two compartments. Nafion, is the most commaislyd membrane material in VRFB
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studies, and possesses a good balance betweenctomgand stability. However, the
high cost of the perfluorinated polymer hindergé&scale implementation and drives the
demand for hydrocarbon alternatives?

Polybenzimidazole (PBI) membranes have been shtawinave exceptional
performance in various electrochemical devices leaf their high ionic conductivity
when imbibed with various acid electrolytés® PBI, with promising chemical and
thermal stability”*® is a basic polymer (pka ~5.2%\nd possesses both proton donor
and acceptor sites. This property induces a spedaitieraction between the proton
acceptor/donor sites and polar solvents, allowimgctl acid incorporation into the
polymer matrix*>*? To date, a large variety of PBI polymers have bgerhesized and
studied in the literatuf&*® however, a sulfonated polybenzimidazole might Hest
suited for VRFB applications. Sulfonated PBI (s-PBé&s been shown to be stable in a
sulfuric acid environmefit*’, which is incorporated in VRFB systeifisCompared to
the commonly adopted ion-conducting polymers, itid-doped PBI possesses a distinct
conduction mechanism which drives interest in VRBlication®®

Herein, for the first time, sulfuric acid dopedPB{ was adopted as a membrane
material in a VRFB system. The s-PBI polymer andnmmeane was characterized by
molecular weight measurements, membrane compositionic conductivity, and
mechanical properties. Polarization curves andingdest analyses were performed to
examine the membrane and overall cell performaRaghermore, the decay of the cell
open circuit voltage (OCV) was also monitored talaate the vanadium permeation of

the membranes. Nafion films were identically tedteccomparison.
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6.2 Polymerization of Sulfonated Polybenzimidazolés-PBI)

A large variety of PBI and PBI derivative membrsniacluding homopolym&t

52 5

, random copolyméf™> and polymer blend$® have been evaluated for use as
proton exchange materials in various electrochdntiesiced’®*®* Among these, when
selecting a potential candidate for VRFB systerapsated PBI was selected due to its
high stability in sulfuric acid® As illustrated inScheme 6.1 this variant of PBI is
synthesized with a pre-sulfonated monomer, monauso@-sulfoterephthalate. Using a
pre-sulfonated monomer allows for controlled plaeatmof and incorporation of the
sulfonate group in every repeat unit of the polynidternate sulfonation techniques,
such as post polymerization sulfonafioff, or chemical grafting of functionalized
motifs®>® often result in random placement of the sulforgrmup in addition to non-
uniform or uncontrolled sulfonation. As previoustyentioned, PBI has both proton
acceptor and donor sites that contribute to polysodrent interactions. These
interactions significantly contribute to the retentof sulfuric acid in PBI membranes.
Since proton conduction is proposed to occur bynwmed the Grotthuss-type (hopping)
mechanistY, it is surmised that uniform orientation of sulése@ motifs along the
polymer chain may facilitate the proton conductminthe material when doped with
sulfuric acid. lonic conductivities for s-PBI menabes imbibed in 30wt% sulfuric acid

baths have been reported to be greater than 0.58/&90°C*? For these reasons, s-PBI

was chosen as a potential candidate to serve agpagator in the VRFB system.
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Scheme 6.1Polymerization of s-PBI.
6.3: Material Processing

The s-PBI utilized for the reported experimentaélaations was synthesized
following a previously reported procedifeThe resulting polymer solution was cast as
previously described resulting in a phosphoric abighed membrane. To achieve the
sulfuric acid doped analogue of the membrane, ad agchange procedure was
conducted. At this phase, prior to experimentalwatsons of the material, removal of the
phosphoric acid and subsequent sulfuric acid imgibrequired verification. Acid
exchange was confirmed via titration using theedéhce in pKa and equivalence points
between sulfuric acid (-3, 1.92) and phosphorid g@.15, 7.20, 12.35) respectively.
Moreover, titration across the full pH spectrum tpasid exchange revealed only two
equivalence points, verifying that only sulfuridchcemained in the membrane. Once the
acid exchange was verified, subsequent evaluafittmeanaterial was conducted.

6.4 Mechanical Analysis

Mechanical properties of the s-PBI membranes weveluated with both
phosphoric acid and sulfuric acid for determinatmfnhow the material was affected
mechanically by the acid exchange process. It bas Bhown that the type of electrolyte
dopant and doping levels can affect the mechamcaperties of gel membran&s.

Figure 6.1shows the stress-strain curves of five random saesples taken from the as-
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cast phosphoric acid doped s-PBI membranes. Theleamvaluated that were doped
with phosphoric acid had Young's moduli rangingrra.152 MPa to 2.858 MPa and an
average Young's modulus of 2.48 MPa. With a redyiviow measured Young's
modulus, the phosphoric acid doped s-PBI would nidsly require some type of
structural support for device application. Howe\ss,previously mentioned, the sulfuric
acid doped s-PBl is of interestigure 6.2 shows the stress-strain curves of five random
area samples taken from the sulfuric acid dopedls#embranes. The samples
evaluated that were doped with sulfuric acid hadinps moduli ranging from 6.467
MPa to 8.043 MPa and an average Young's modulds3@fMPa, a 295% increase. This
increase is partially attributed to the lower daplavel of sulfuric acid as compared to
phosphoric acid, but does not completely accounttlie significant increase in the
Young's modulus of the material. During the ackdhange process, shrinking of the
membrane as a result of phosphoric acid removalolasrved. Subsequent swelling of
the membrane was also observed when imbibing wiflarsc acid. The thickness of the
films was reduced from 0.35mm to 0.27mm as meadsuoed the phosphoric acid doped
and sulfuric acid doped films respectively. Itismised that the reduction in acid doping
level and overall decrease in film thickness atiiglol to the significant increase in the
Young's modulus. Mechanical properties, as wethtasr significant material properties,

are shown imable 6.1
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Figure 6.1: Stress-strain curves for as cast PA doped s-PBibremnes. Mechanical

analyses were conducted at ambient temperaturdipgidéutamples from random
membrane area are shown.
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Figure 6.2: Stress-strain curves for sulfuric acid doped s-4PBmbranes. Mechanical

analyses were conducted at ambient temperaturdipgiéutamples from random
membrane area shown.
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Table 6.1: Characterization analysis for s-PBlI membranes.

Tensile *Young's Membrane Composition (wt%)
Sample (dllx ) Strength Moduli Phosphoric
9 (MPa) (MPa) H,0 P Polymer
Acid
34.61 58.26 7.13
0.76 2.42
Membrane Composition (wt%)
s-PBI 0.96

H,0 Sulfuric Acid  Polymer

53.11 36.11 10.78
*. Average of five samples measured at ambient txatpre.

1.09 7.52

6.5: Polarization Curve Analysis

Polarization curves for cells with s-PBI, Nafion71and Nafion NR-211 were
obtained at 50% state of charge in single-pass nasdshown inFigure 6.3 and the
corresponding ASR is plotted as a function of aurmensity inFigure 6.4 Given that
the s-PBlI membrane was considerably thickeasb{e 6.2 than Nafion NR-211 with
similar measured ASR, the conductivity of s-PBlam operating VRFB was noticeably
higher than NR-211. At low current densities (<5@Jom?), the iR-free polarization
curves are similar for all three membranes. As ghdransfer and ohmic over-voltages
within the electrode are considered as the dommgdtisses in this regime, this result is
expected since the voltage loss contributed by rieanbrane resistance has been
corrected and identical electrodes were used. Nweless, the difference in iR-free
voltage was observed for current densities at 60@mAand above implying distinct
mass transport behavior. We suspect that this isech by the differences in the
membrane swelling properties, i.e. more signific&sRBI swelling may compress the
electrode more strongly, resulting in a change orops structure and increased

concentration polarization relative to a Nafiondxhsnembrane.
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Figure 6.3: Actual and iR-free polarization curves at 50% stdteharge. [Circles: s-
PBI, squares: N117, diamonds: NR-211; solid: celtage, hollow: iR-corrected cell
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Figure 6.4: Area square resistance measured during 50% stateagje polarization
curves. [Circles: s-PBI, squares: N117, diamond®:241]
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Table 6-2: Membrane thickness

Sample Thickness* [um)
s-PBI 62
NR-211 34
N117 193

*. Membranes were soaked in de-ionized water atrtemperature for one hour and subsequently blot-
dried prior to cell assembly.

6.6: Open Circuit Voltage (OCV) Decay

The open-circuit voltage decay, shownFigure 6.5 shows that Nafion NR-211
permits a high rate of vanadium diffusion, resgjtin a rapid voltage loss for a cell held
at open circuit. S-PBI exhibits a slower rate oftage decline, with N117 showing the
greatest suppression of vanadium ion crossoveradgop in the s-PBI voltage decay
curve is a significant drop in voltage at 0.7 houinss large rapid drop is attributed to a
complete depletion of V(Il) in the negative halliceas probed using a reference
electrode. The initial rapid drop in voltage seerall curves is due to the sensitivity of
the Nernst equation to small changes in speciesettrations at high states of charge.
CombiningFigure 6.4 andFigure 6.5 it is clearly shown that the membrane thickness
dominates the trade-off between membrane resistmt&anadium crossover for Nafion
materials. However, s-PBl with a distinct condueticmechanism shows a similar
membrane resistance to NR-211 but with twice thektiess to exhibit moderate OCV

decay caused by vanadium permeation.
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Figure 6.5: Open-circuit cell voltage decay from fully chargeith static pumps.
[Circles: s-PBI, squares: N117, diamonds: NR-211]

6.7: Cycling Performance

While the polarization curve analysis suggestediddaNR-211 as the superior
membrane, results of the OCV decay experiment atelithat s-PBI suppresses vanadium
crossover much more effectively. Charge/dischanggecprofiles are shown ifigure
6.6. Indeed, as seen kigure 6.7, cycling tests carried out show that Nafion NR-2hs
an unacceptably low coulombic efficiency below 6@fe to significant vanadium
species crossover, whereas s-PBI has a coulomimeaty near 100%, on par with the
much thicker Nafion 117 membrane. Nafion NR-211 laaslightly higher voltage
efficiency as a result of a slightly lower ASR. BiRappears to combine the superior
coulombic efficiency of Nafion 117 with the highltage efficiency of NR-211, resulting
in the highest overall energy efficiency, with aveeage energy efficiency of 84%
compared to 77% with Nafion 117 and 45% in NR-2Capacity fade is an inevitable

feature of VRFBs, as vanadium crossover results met depletion of vanadium species
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in one half-cell.Figure 6.8 shows the discharge capacity for each membraredtes
Nafion NR-211 and s-PBI have much higher absolapacities as a result of lower cell
resistances widening the operating window of thiéeba That is, the lower ohmic losses
allow the battery to reach further into the statelmarge window without reaching the
cutoff potential. The normalized capacity was chtad by dividing the cycle absolute
discharge capacity by the absolute discharge dgpatil® cycle for each membrane.
The s-PBI membrane exhibits the least drastic nlizeth capacity fade. The ASR was
measured at the end of each charge and dischapge ag shown irFigure 6.9 The

results indicate a stable ASR for s-PBI, similattte stability of the ASR seen in Nafion-

based membranes, suggesting negligible membrarradimpn within the given testing

period.
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Figure 6.6: Charge and discharge profiles of first cycle dgieycling performance tests.
[Circles: s-PBI, squares: N117, diamonds: NR-211]
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Figure 6.9: Cell ASR measured at end of charge and dischaegs from cycling
performance tests. [Circles: s-PBI, squares: Ndliafnonds: NR-211; solid: end of
charge, hollow: end of discharge]
6.8: Conclusions

s-PBI membranes were synthesized with uniformficetl sulfonate groups along
the polymer backbone utilizing a pre-sulfonated omar. s-PBl membranes were
prepared via the PPA process and subsequently @ubviith sulfuric acid. s-PBI
membranes doped with sulfuric acid were selecte@valuations in a VRFB due to the
exceptionally high conductivity and material stdapilin sulfuric acid. Mechanical
analysis of the as-cast and sulfuric acid dopedissfembranes showed a significant
increase in the Young's modulus of the materiab{2P The increase in mechanical
properties was attributed to membrane compositnahthickness changes during the acid
exchange process. Complete acid exchange wasedevifh titration analysis.

Performance evaluations were conducted on sulfad doped s-PBI

membranes in an operating single-cell VRFB. Padion curves, OCV decay, and cycle
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testing were carried out. Exact replicate evaluatioere performed on Nafion 117 and
Nafion NR-211 for comparison. Obtained ASR dataidatks a notably higher

conductivity for s-PBI than Nafion in an operatid&®FB. Differences in cell voltage at

higher current densities were attributed to diffiees in membrane swelling. Swelling of
the s-PBI membrane compressed the electrode, ireguitlower porosity and increased
concentration polarization relative to Nafion-baseaterials.

Open circuit voltage decay studies indicated thats-PBI membranes evaluated
exhibited a slower rate of voltage decline and dama diffusion than that of Nafion
NR-211. Cycle testing evaluations also indicatedt ts-PBI suppresses vanadium
crossover much more effectively than Nafion NR-2Cbulombic efficiency of s-PBI
was measured to be nearly 100%, comparable withntheh thicker Nafion 117
membrane. Discharge capacity evaluations showedllert discharge capacities for
both Nafion NR-211 and s-PBI, allowing for a greatendow of operation for VRFB
systems. s-PBI also showed the least drastic n@etatapacity fade, indicative of the
vanadium crossover resistance of the material. [&tabea specific resistances were
observed for s-PBI, suggesting minimal performadegradation within the testing
period.

Overall, s-PBI was found to be an excellent matedandidate as a high-
performance membrane for VRFB systems. s-PBl agp&arcombine the superior
coulombic efficiency of Nafion 117 with the highltagge efficiency of Nafion NR-211,
resulting in the highest overall energy efficiengyith an average efficiency of 84%

compared to 77% with Nafion 117 and 45% in NafidR-RiL1. Future work will consist
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of preparing thinner s-PBI membranes for perforneagvaluations in VRFB systems and

evaluating reinforcement strategies to lower memégwvelling.
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Sulfuric Acid Production in the Hybrid Sulfur Elect rolyzer®
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7.1 Introduction:

Among the various electrochemical devices in whHi has been utilized, one
with great potential is the hybrid sulfur (HyS) @lelyzer. The HyS electrolyzer is
capable of producing clean hydrogen on a largeesatlefficiencies higher than those
possible for water electrolysta® The HyS electrolyzer relies on a two-step thermo-
chemical process which involves the decompositibi£0, to SQ, O,, and HO as
well as an electrochemical oxidation of S@ the presence of water to producgsSB,
and H illustrated inEquation 7.1 and Equation 7.2 Since the sulfur compounds are
internally recycled, the overall process is theoegosition of water into hydrogen and
oxygen. The process is of interest because thetbighberature decomposition step could

be coupled to next-generation nuclear power plantigh-temperature solar arrays.

Eq7.1: SO + 2H,0 — H,SO, + 2H + 26
EqQ7.2:2H + 26 — H,

Among the available materials utilized for the Hg8vice, Nafion has been
utilized because the operating parameters arekmellvn?> One major drawback to the
use of Nafion as a polymer electrolyte membrane MPHEnaterial for the HyS
electrolyzer is that the conductivity of the maaeérisuffers greatly under low
humidification condition$>** Production of concentrated,$l0, at the anode dehydrates
the PEM used in HyS electrolyzers, and signifigarglduces the efficiency when Nafion
is used"? This has led to the investigation of alternativatenials that would be suited for
operations in the HyS electrolyzer.

Polybenzimidazoles (PBIs) are a class of aromiagiterocyclic polymers with

exceptional thermal and chemical stabiliti2& Polybenzimidazole (PBI) membranes
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have been shown to have exceptional performancarious electrochemical devices
because of their high ionic conductivity when ingaibwith various acid electrolytés?®
PBI is a basic polymer (pka ~5.25and possesses both proton donor and acceptar sites
This property induces a specific interaction betw#e proton acceptor/donor sites and
polar solvents, allowing direct acid incorporatiato the polymer matrix’>?? To date, a
large variety of PBI polymers have been synthesired studied in the literatdre™
however, a sulfonated polybenzimidazole might bset [siited for HyS electrolyzer
applications. Sulfonated PBI (s-PBI) has been shdwovibe stable in a sulfuric acid
environment®*’, and could be incorporated in the HyS electrolyzer

Herein, s-PBI PEM membranes doped with sulfuriicl acere evaluated for the
first time in the HyS electrolyzer at elevated temgtures. The prepared s-PBI
membranes were characterized by molecular weightasorements, membrane

composition, ionic conductivity, and mechanical gedies. Performance evaluations

were conducted under various conditions over teatpegs ranging from 90°C to 160°C.
7.2: Polymerization of s-PBI

As illustrated inScheme 7.1 this variant of PBI was synthesized with a pre-
sulfonated monomer, mono-sodium 2-sulfoterephtbalat/sing a pre-sulfonated
monomer allows for controlled placement of and rpooation of the sulfonate group in
every repeat unit of the polymer. Alternate sultra techniques, such as post
polymerization sulfonaticfi™® or chemical grafting of functionalized mof¥s? often
result in random placement of the sulfonate grompaddition to non-uniform or
uncontrolled sulfonation. Since proton conductismpioposed to occur by means of the

Grotthuss-type (hopping) mechanmit is surmised that uniform orientation of

134



sulfonate motifs along the polymer chain may feaié the proton conduction of the
material when doped with sulfuric acid. lonic coaotiuties for s-PBlI membranes
imbibed in 30wt% sulfuric acid baths have been regubto be greater than 0.5S/cm at
100°C? For these reasons, s-PBl was chosen as a prindédess to replace Nafion for

use as a polymer electrolyte membrane in the Hg&rellyzer.

+
H,N NH, HO \ l/ o)

, 038
Na
H
PPA <_<\NN @
220°C N ” \\/ X

SOzH
Scheme 7.1Polymerization of s-PBI

7.3 Acid Exchange Process

The s-PBI utilized for the reported experimentaélaations was synthesized
following a previously reported procedifeThe resulting polymer solution was cast as
previously described resulting in a phosphoric abighed membrane. To achieve the
sulfuric acid doped analogue of the membrane, ad agchange procedure was
conducted. At this phase, prior to experimentaleatéons of the material, removal of the
phosphoric acid and subsequent sulfuric acid imigibrequired verification. Acid
exchange was confirmed via titration using theedéhce in pKa and equivalence points
between sulfuric acid (-3, 1.92) and phosphoriad g@.15, 7.20, 12.35) respectively.
Moreover, titration across the full pH spectrum tpasid exchange revealed only two
equivalence points, verifying that only sulfuriachcemained in the membrane. Once the

acid exchange was verified, subsequent evaluafitmeanaterial was conducted.
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7.4 lonic Conductivity

The anhydrous conductivity of s-PBlI was measured dascribed in the
experimental section of this thesis. The ionic aatidn characteristics of the membrane
were measured at temperatures from r.t. to 18GFQure 1.7 shows the ionic
conductivity measured for s-PBl. The conductivior the material exceeds 0.1 S/cm
above 100°C, but experiences a significant decim@ve 160°C. This is indicative of the
polymer softening (perhaps due to partial solubilib sulfuric acid at high-temperature.
Although the material softens above 160°C , the brame has a very desirable proton

conductivity and is capable of operational tempees well above that of Nafion.
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Figure 7.1 Anhydrous conductivity for s-PBI doped with sultuacid.

7.5 HyS Device Performance Evaluations

s-PBI membranes were evaluated in the HyS elgeolto determine the
performance characteristics. Properties were medswer a range of temperatures at a

constant flow rate of 30 sccm. Although PBI doed nequire water for proton
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conductior’ water is a component of the thermo-chemical ciyckae HyS electrolyzer.
Early attempts at supplying humidification at trethode side of the cell to react at the
anode side of the cell effectively washed out tbiel lectrolyte of the PBI membrane
and resulted in poor performance. A new experimeatiap was established in which the
SO, stream was directly humidified prior to the andeled of the cell. With this set-up, it
was found that the humidifier temperature affedtadhidity levels of the S©feed and
subsequently affected the device performance. Btialuis were conducted over a range
of current densities with a 30 sccm Sflow rate with three humidifier temperatures;
90°C, 95°C and 98.5°C, as showrFigure 7.2, Figure 7.3,andFigure 7.4 respectively.
The data inFigure 7.2 shows similar performance for 90°C and 95°C arsigaificant
drop in performance for 100°C operation. This kelly due to the state flux of water as
these temperatures are reached within the cellO&EC, there is a competition between
the boiling of water and the physical constrairftshe system. Water is unstable in this
system at this temperature and is likely respoasibt the performance loss, as less
liquid water would be available for the electrocheah reaction.Figure 7.3 shows a
similar trend, with lower performances due to theréased humidifier temperature.
Increasing the humidifier temperature would sendaweater to the system, however, the
temperature of the water sent would be closerddtiling point of water, thus causing a
faster conversion to the less reactive gas pltagere 7.4 illustrates a similar trend at
the highest humidifier temperature used, howevesn idicates that above 110°C some
of the performance loss due to water is regainéas Pperformance increase at elevated
temperature is likely due to the increase in reactkinetics of the electrochemical

conversion. Despite the beneficial reaction kiret€ the system at temperatures above
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110°C, performance is still lower in comparisorttte device performance at 90°C with a
humidifier temperature of 90°C. The data from thpsegformance studies suggests there
may be a way to operate beneficially at elevatedptratures (>110°C) while keeping
the humidification temperature low enough as to distupt the system with excessive

amounts of water boiling.
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Figure 7.2 HyS device performance over a range of currensities with a humidifier
temperature of 90°C and a 30 sccmp 80w rate. [Cell temperatures; squares: 90°C,
circles: 95°C, triangles: 100°C]

Another method of determining the performance gfficy of the HyS device is
by the production of sulfuric acid at the anodearidt. Samples were collected at various
current densities and titrated against a standedetermine the concentration of the
sulfuric acid produced. The molar concentratioswfuric acid produced over a range of
current densities with an S@ow rate of 30 sccm with three humidifier temperas;
90°C, 95°C and 98.5°C, is shownFHigure 7.5 Figure 7.6,andFigure 7.7respectively.

Looking at the HSQ, concentration, these figures indicate similardeeas discussed for
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Figures 7.2, 7.3, and 7.Bigure 7.7 does show unstable performance for the 120°C
operation with regards to sulfuric acid productidhis is evidence of the system
disruption caused by an imbalance of water avaal&in the reaction and water escaping

the system as a gas
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Figure 7.3 HyS device performance over a range of currensities with a humidifier
temperature of 95°C and a 30 sccm,SIow rate. [Cell temperatures; squares: 90°C,
circles: 95°C, triangles: 100°C, inverted triangleg5°C]

Lifetime performance tests were also conductedhenHyS electrolyzer using sulfuric
acid doped s-PBI. The device exhibited stable perdmce over the entire duration
measured (approx 50hrs) as shown Rkigure 7.8 Longer lifetime performance
evaluations proved difficult as the experimentdligerequired constant supervision and

monitoring. The lifetime evaluation did indicateaththe device performance is stable

over the duration measured, and would be suitainlelyS electrolyzer applications.
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Figure 7.4 HyS device performance over a range of currensities with a humidifier
temperature of 98.5°C and a 30 sccm 8@w rate. [Cell temperatures; squares: 90°C,
circles: 95°C, triangles: 100°C, inverted triangle85°C, diamonds: 110°C, left triangle:
120°C]
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Figure 7.5 Sulfuric acid production over a range of curréensities with a humidifier
temperature of 90°C and a 30 sccmp 80w rate. [Cell temperatures; squares: 90°C,
circles: 95°C, triangles: 100°C]
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Figure 7.6 HyS device performance over a range of currensities with a humidifier
temperature of 95°C and a 30 sccmy 80w rate. [Cell temperatures; squares: 90°C,
circles: 95°C, triangles: 100°C, inverted triang&85°C]
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Figure 7.7: Sulfuric acid production over a range of curréaensities with a humidifier
temperature of 98.5°C and a 30 sccm, 8@w rate. [Cell temperatures; squares: 90°C,
circles: 95°C, triangles: 100°C, inverted triangle85°C, diamonds: 110°C, left triangle:
120°C]

Voltage (V)

Time (h)

Figure 7.8 Lifetime evaluation of sulfuric acid doped s-HBlthe HyS electrolyzer with
an SQ flow rate of 30 sccm at 130°C cell temperaturg2,&cm2 current density, and
90°C humidifier temperature.

7.6 Conclusions

s-PBI was prepared via the PPA process and dirdgttirolyzed to produce
polymer electrolyte membranes doped with phosphacid. The membranes were then
subjected to an acid exchange removal process wrakguently imbibed with sulfuric
acid. Anhydrous proton conductivity measurementgshef sulfuric acid doped s-PBI
membranes revealed desirable conductivities (>2r@F/at elevated temperatures.
Conductivity measurements also indicated that thembrane was not stable at
temperatures above 160°C, and this was attribatelet softening or solubility of the s-

PBI membrane in sulfuric acid.
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Analysis of the HyS performance plots indicates tha device performance was
optimal around 90°C, and that once temperatureseah@0°C were reached, the device
performance became unstable. Operation of the H@relyzer with sulfuric acid doped
s-PBI is a significant step towards the developnwnHyS systems capable of high-
temperature operation. Since this was the firsingpt at high temperature operation, it is
surmised that stable performances could be obtaatdrgher temperatures once the
experimental conditions concerning humidificatioi the SQ reactant feed are
thoroughly evaluated. This work is the first apgtion of PBI in a HyS electrolyzer.
Additionally, this work is the first report of higlemperature (>100°C) device operation.
This work has proven to be a significant mile-stéorehe development and expansion of

PBI PEM based electrochemical device applications.
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Chapter 8: Solution Polymerization of Polybenzimidaole®
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8.1 Introduction

Polybenzimidazoles (PBIs) are a class of aromagirbcyclic polymers with
exceptional thermal and chemical stabilitiés.PBls can be formed through a
polycondensation of a diacid and tetra amine, asvshin Scheme 8.1 As with any
polycondensation polymerization, and, as definedheyCarother's equatidnan exact
stoichiometric ratio is needed for the synthesishafh molecular weight polymer.
Typical synthesis of bisbenzimidazoles involvegaction between-phenylenediamines
with a diacid or diamide in HCI or polyphosphoricid (PPA)? Synthesis of 2-
substituted benzimidazoles from the reactioro-@henylendiamine with an imidate are
also well knowrT. Synthetic knowledge of these procedures can e&silyapplied to
polymeric systems when di-functional monomers aneofiporated. Di-functional

monomers with various R groups and can be used rtmlupe a variety of

)

2
n

polybenzimidazole derivativeS¢heme 8.1)
H2N R1 NH2 O O H R H
. - N 1 N
OO A o
Scheme 8.1Reaction of a tetra amine and a diacid to fornolgigenzimidazole.

In 1959, the first aliphatic PBI was developed hjnBer and Robinsof Shortly
afterwards came the first development of an aranf#l by Marvel and Vogel in 1961.
In 1983, Celanese commercialized one type of polyineidazole (meta-PBI, poly(2,2'-
m-phenylene-5,5'-bibenzimidazole), as shown Figure 8.1 This commercialized
polybenzimidazole was developed for use as fibeib taxtiles for thermal protective

clothing and fire blocking applicatioig?
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Figure 8.1: Poly(2,2'-m-phenylene-5,5'-bibenzimidazole)

Of all the derivatives of polybenzimidazoles, tmemaatic PBIs have received the
most attention due to their excellent thermal ahenuical resistance propertt&é®
Aromatic PBIs do not have a melting point due teirthvery high glass transition
temperatures and exhibit very high decompositiompteratures. In addition to their high
temperatures of decomposition (>500°C), they aeetfmally insoluble in most organic
solvents?® Moreover, PBIs have shown outstanding stabilitemlexposed to inorganic
acids and bases when compared to other high pefaenfibers such as Nomex or
Kevlar. #2*

Industrially, polybenzimidazole is polymerized by tao-stage melt/solid
polymerization process. Di-phenyl isophthalate @®Pand 3,3',4,4'-tetraaminobiphenyl
(TAB) are reacted in bulk to produce the meta-PRidpct® The condensate of this
reaction (phenol) is however a gas and subsequarshiog of the resulting foam
developed in the first stage is required. The sécstage then involves reheating the
mixture to synthesize high molecular weight polyraetemperatures upwards of 400°C.
The phenol gas by product of this reaction is hdmas and must be carefully collected
and treated. The final product is a non-homogermuaduct that is separated based on
particle size and molecular weight. Resulting pawdeom the bulk polymerization are
then dissolved at high temperature and pressuxeNRdimethylacetamide (DMAc) with

LiCl. The polymer dope solution is then filtereddaspun into fibers for commercial
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application. These resulting fibers are then used eaw material for thermally resistant
fabrics and fire blocking applications.

In contrast to melt or bulk phase polymerization thods, a solution
polymerization method for the synthesis of high @solar weight polybenzimidazole
would be much more efficient and cost-effective wheonsidering large-scale
commercial production. Previous attempts at safutigpolymerizations of
polybenzimidazoles have been unsuccessful in theelolgment of commercially
desirable high-molecular weight polyméf:*® Herein, a commercially viable solution
polymerization for the synthesis of high moleculaight polybenzimidazoles in DMAc
has been developed.

8.2 Reactivity Evaluations

To develop a viable method for the commercially ofable solution
polymerization of high-molecular weight PBIs, aiety of monomer functionalities were
investigated. DMAc was chosen as the solvent inclwvhio develop the solution
polymerization method because it is a commonly usddstrial solvent and could be
used directly for fiber spinning. To begin the mow evaluations, chemical
functionalities that are known to produce 2-pheagtbmidazole were selected as shown
in Figure 8.2 Mono-functional analogues were evaluated to alfoweasier reaction

kinetic studies and product evaluations.
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Figure 8.2: Chemical functionalities evaluated for the synihes 2-
phenylbenzimidazole in dimethylacetamide (DMAC).

A series of reactions were conducted and moniterad>C/MS to evaluate the
reaction efficiency and product formation in DMA&nalysis of reaction kinetics on the
mono-functional reactants in DMAc revealed only aaecessful chemical functionality
in DMAc. The phenyl ester was found to be unreaciiv DMAc at reflux, and only
starting materials were recovered. The aldehydetimmality was found to be highly
reactive and rapidly produced a product with a makr weight of 284g/mol as shown in
Figure 8.3 This was later determined to be the bis-imineH=N-) product that
corresponds to a 2:1 molar reaction between beakgtte and-diaminobenzene. The
carboxylic acid functionality was found to not forttme desired product in high yield in
DMACc as shown irFigure 8.4 The only chemical functionality found to be saiintly
reactive was the bisulfite adduct of benzaldehyglshwn inFigure 8.5 It is surmised
that the bisulfite functionality maintains the higbactivity of the aldehyde and also
incorporates steric hindrance which prevents reactf a 2:1 ratio product. GC/MS
analysis also indicated that this is a very fafficient reaction, free of unwanted by-
products. Polymerization trials were conducted witie di-functional analogues at

temperatures up to reflux in DMAc and similar résuvere obtained.
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Figure 8.3: GC/MS reaction evaluation of benzaldehyde and oliabenzene in DMAc
at 100°C.
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Figure 8.4: GC/MS reaction evaluation of benzoic acid and denenzene in DMACc at
100°C.
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Figure 8.5: GC/MS analysis for reaction of benzaldehyde bisuddduct and-
diaminobenzene in DMAc at 100°C.

8.3 Synthesis and Evaluation of Bisulfite Adduct

The bisulfite adduct was synthesized as showBdheme 8.2The reaction of
sodium bisulfite and isophthalaldehyde in a mixtafeanethanol and water produced a
stable bisulfite adduct that was obtained as aemiecipitated product. The reaction is
mild and only requires ambient temperatures duthéohigh reactivity of the aldehyde
functionality. The product from this reaction wdstained in high yield (>90%) and high

purity (>98%), and was suitable for polymerizattaals without further purification.

C MeOH/H,0 OH OH
+ /S\ -t - = + - u

HWH HO"”>0 'Na " Na O3S $O; Na
24h

Scheme 8.2Synthesis of isophthalaldehyde bisulfite adduct.
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The bisulfite adduct product was analyzed via FTatiRi*H-NMR as shown in
Figure 8.6 andFigure 8.7 respectively. The FT-IR comparison of isophthadalgtle and
the bisulfite adduct product confirmed the proddctmation as indicated by the
disappearance of the carbonyl peak at ~170Qcnd the appearance of two peaks at
~1175 and ~1000 cmwhich correspond to the C-S stretching of the pobdThe'H-
NMR comparison of isophthalaldehyde and the bisulidduct product also indicated
successful synthesis of the desired product, asatedl from the disappearance of the
aldehyde proton peak at ~10ppm and the appearanpeadk at ~5 and 6ppm which
correspond to the alcoholic proton and aliphatiotqn of the product, respectively.
Further inspection of the product NMR reveals aywwmnall amount (<1%) of the mono-
substituted product, and some residual aldehyd&oJ<Zo compensate for the residual
free aldehyde, a small amount (2 mol %) sodium lfiflsuwas added directly prior to

polymerization to promote the conversion of thefaégdehyde to the bisulfite adduct.

8.4 Solution Polymerization of Poly(2,2'-m-phenylee-5,5'-
bibenzimidazole) (m-PBI)

Using the preformed isophthalaldehyde bisulfiteuladéind commercially
available 3,3',4,4'-tetraaminobiphenyl, poly(2,2phenylene-5,5'-bibenzimidazole) (m-
PBI) was synthesized as showrSoheme 8.3Numerous reactions were conducted over
a range of monomer concentrations to determineplienal conditions for the synthesis
of high-molecular weight polymer. Relative measwtmolecular weight were
conducted through inherent viscosity measuremerntsmcentrated $}$0, as PBI is
insoluble in organic solvents commonly used forggimeation chromatography. The

inherent viscosities of the polymers synthesizediffigrent monomer concentrations are
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shown inFigure 8.8and plotted as a function of the final polymer $iolu concentratiol
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Figure 8.6: FT-IR spectral comparison of isophthaladehyde andsthighthalaldehyd
bisulfite adduct.
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Figure 8.7 *H-NMR spectral comparison of isophthalaldehyde tued
isophthalaldehyde bisulfite adduct.

OH OH
HZNNHQ . . DMAGC/LICI
*  Na 038)\©)\803 Na -
HoN NH, 2%
Reflux
24h
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Scheme 8.3Solution polymerization of poly(2,2'-m-phenylen®‘&ibenzimidazole)
(m-PBI).
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Figure 8.8: Polymer IV's for the polymerization of m-PBI in DA under reflux
conditions. [Squares: No lithium chloride usedarigles: 2 wt% by solvent lithium
chloride used]
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Numerous polymerization trials were conducted vaitidl without the use of LiCl
as a solution stabilizer. Lithium chloride has behown to increase the solubility of PBI
in DMAc.*® Evaluation of the polymerization of m-PBI in DMAaver a range of
polymer concentrations revealed the optimal coodgito be at ~18% polymer by
weight. The polymer product from these reactionss waen compared to the
commercially produced polymer via thermal gravineet@nalysis (TGA), differential
scanning calorimetry (DSC), FT-IR, afid-NMR. TGA analysis is shown iRigure 8.9,
and the polymer produced by the bisulfite routeileisdd similar thermal stability to the
commercially produced m-PBI {F600°C). The differences in water loss were dubéeo

different drying conditions of the starting powders

100 = : .,
A4 a4, N
A A R .
--------- ‘ A
"oy . A
90 . 4
e\o./ ’ A
—
< a
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§ 80 .
70
T T T T T T T 1
0 200 400 600 800
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Figure 8.9: Thermal gravimetric analysis (TGA) of solution ywlerization product and
commercially produced m-PBI. [Triangles: solutianymerized m-PBI, squares: commercially
produced m-PBI]
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Differential scanning calorimetry (DSC) was contggcon the polymer product
and the commercially produced m-PBI as showfkigure 8.1Q DSC indicated a glass
transition (Tg) temperature of approximately 4330€ both materials, as indicated by
the baseline shift. The Tg of a polymer is affecbydboth the polymer structure and
molecular weight. The Tg of a material becomes t@orisonce a significant molecular

weight is achieved, and therefore can be used agpjporting indication of the desired

product.
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Figure 8.10: Differential scanning calorimetry of the solutipalymerized m-PBI and

commercially produced m-PBI. [Squares: solutioryp@rized m-PBI, triangles: commercially
produced m-PBI]

'H-NMR analysis of the solution polymerization pretiwas conducted and
compared to the reportét-NMR of m-PBI as shown iffigure 8.11 The'H-NMR of

the solution polymerized m-PBI directly corresporidsreported literature for thtH-
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MNR of m-PBF, further confirming the successful polymerizatiand complete ring

closure of the benzimidazole rings.
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Figure 8.11:'H-NMR spectra for the solution polymerized m-PBisét: reportedH-
NMR for m-PBI**

FT-IR analysis of the solution polymerized m-PBdsaconducted and compared
to the commercially produced m-PBI as showrfrigure 8.12 FT-IR spectra of several
solution polymerization trials were compared to toenmercially produced m-PBI and
showed the same stretching frequencies and pattsimibutions, indicating that m-PBI

was successfully produced.
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Figure 8.12:FT-IR spectral analysis for the solution polymatians of m-PBI and commercially
produced PBI.

8.5 Conclusions

In this work, the reactivity of several chemicahttionalities were evaluated to
determine an appropriate starting material for sbkition polymerization of m-PBI in
DMAc. Mono-functional analogues were reacted wikdiaminobenzene and the
reactions were monitored via GC/MS. A bisulfite adidof benzaldehyde was found to
successfully produce the desired 2-phenylbenzinoldazn high-yield with fast
conversion. Polymerization trials were also conddatith di-functional monomers, and
similar results to the mono-functional analoguesemebtained. A bisulfite adduct of
isophthalaldehyde was synthesized and the prodastoenfirmed vidH-NMR and FT-
IR analyses. Numerous polymerization trials werendomted in which the
isophthalaldehyde  bisulfite adduct and commerciallpvailable 3,3'4,4'-

tetraaminobiphenyl were reacted under reflux caomakstin DMAc. Polymerization trials
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were conducted with and without the use of LiChasolution stabilizer over a range of
reaction concentrations. Optimal reaction condgiarere determined to be at approx 18
wt % polymer concentration. Polymer product washaeal via TGA, DSCH-NMR,
and FT-IR and compared to commercially produced Bh-HGA, FT-IR and DSC
showed identical characteristics to that of the m@meially produced m-PBI. Th&H-
NMR spectrum was compared to the reported liteeaktifNMR spectrum of m-PBI and
also confirmed the product formation.

Overall, a viable, commercially applicable, saatipolymerization process for
the synthesis of high-molecular weight PBI in DMA@s developed. This solution
polymerization process has significant commerciadl andustrial applications to the
large-scale production of m-PBI. In theory, thi®gess could be applied to produce a

variety of PBI derivatives.
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9.1 Summary & Conclusions

New sequence isomers of AB-PBI polymer and mendwarvere prepared using
the PPA process and compared to reported literabarehe known conventionally
imbibed AB-PBI membranes. A new diacid monomer wasthesized from an imidate
reaction with 3,4-diaminobenzoic acid. Polymeriaatof this diacid monomer with 3,3'-
4,4 -tetraminobiphenyl yielded a new sequence isonfeAB-PBI, termed i-AB-PBI.
Polymerization studies were conducted with the miacid which showed an unusual
dependence on monomer concentration, but reveatedlitons where high L.V.
polymers could be prepared. Membranes preparedtiier®PA process exhibited higher
levels of PA than typically reported for conventdly imbibed AB-PBI. The membrane
mechanical property characterization and protondaotivity measurements indicated
that the membranes formed from i-AB-PBI were sud@atandidates for high temperature
polymer membrane fuel cells.

The new sequence isomer, i-AB-PBI, was found tdelse soluble in phosphoric
acid and mechanically stable at elevated tempeas{{1r20-180 °C) with high phosphoric
acid doping levels (24-35 mol PA/mol polymer repeait). The changes in chain
sequence incorporated into the new i-AB-PBI as cmeg to AB-PBI are believed to
affect chain stiffness which may contribute to thieserved decreased solubility and

increased gel stability in phosphoric acid at Higimperatures. AB-PBI membranes with
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higher polymer content (~7-10.5 wt%) than those areg from the traditional AB-PBI
(-3 wt%) were obtained using the PPA process. Ttreased solids content of the i-AB-
PBI films resulted in membranes that were more rmeally robust when compared to
the in-house AB-PBI films prepared using the PPAcpss. Fuel cell performance
evaluations were conducted using i-AB-PBl membraares an output voltage of 0.65 V
at 0.2 Alcnd for hydrogen/air at an operational temperatur8sf °C was observed.

A combination of monomer design and copolymerizatechniques were used to
prepare high molecular weight AB-type polybenzinziolas comprised of a randomized
benzimidazole sequence. Disrupted regularity ofisege in the polymer main chain was
found to affect fundamental polymer properties,hsas chain packing, solubility, glass
transition () temperatures as well as membrane propertiesdartemperature fuel cell
application.

Phosphoric acid doped random co-polymer membrah@8-PBIl andi-AB-PBI
were developed using the PPA process. The randorPBIBpolymers had inherent
viscosities >2.0 dL/g, and formed mechanically silfims. Thermal evaluations of the
randomized AB-PBI copolymers showed a slight desgeen thermal stability when
compared to the ordered structures of AB-PBI aA84iPBI. Glass transition () values
measured for the r-AB-PBI showed an unexpected edsmpn when compared to
theoretical values, and a maximumdepression of 140°C was observed.

Randomized AB-PBI copolymers showed several dffees across the
compositional spectrum when compared to the AB-Biid i-AB-PBI homopolymers,
indicating primary chemistry and sequence affectpprties of both the polymer and

membranes derived thereof. A sequence dependemsodubility was observed as well as
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trends regarding conductivity, PA retention, anel ftell performance. Random AB-PBI
copolymer membranes were evaluated for mechameagiity, ionic conductivity and
fuel cell performance. An output voltage rangingween 0.5 and 0.6 V at 0.2 A/érfor
hydrogen/air at an operational temperature of 18038 observed for several r-AB-PBI
compositions, indicating these materials would hatable candidates for high
temperature fuel cell applications. When compafiings with similar PA doping and
conductivity, an effect on fuel cell performancerfr sequence isomerism was observed.
Thus it appears that both high PA loadings and aenwdered polymer structure
contribute to high conductivities and membrane proes. This unique copolymer series
provided an opportunity to evaluate fundamentalpprbes of polybenzimidazole that
would not be achievable in other copolymer systeBesause the copolymers evaluated
consist of only repeating 2,5 benzimidazole unighout extraneous functionality or
spacers, the fundamental properties of polybenanutk regarding sequence,
orientation, and regularity could be investigated.

Random copolymer systems of AB-PBI and p-PBI tetAB/p-PBI and of i-AB-
PBI and p-PBI termed i-AB/p-PBI were synthesized the PPA process and evaluated
for membrane composition, mechanical propertiesicioconductivities, and high-
temperature fuel cell performances.

Compositional analysis of the AB/p-PBI copolymeh®wed similar membrane
compositions in terms of phosphoric acid, wated polymer content. Comparison of the
random AB/p-PBI copolymers and the AB-PBI and p-PBmopolymers indicated that
the incorporation of a small amount of AB-PBI reedl in an increase in the acid

retention of the membranes which remained relatigehstant throughout the copolymer
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compositional series. Compositional analysis o thAB/p-PBI copolymer system
indicated the acid retention gradually increasedhascomposition was shifted from i-
AB-PBI to p-PBI, however, was offset by the inceeas polymer content of the final
membrane, resulting in relatively consistent a@gidg levels. These results were further
supported when comparing the i-AB-PBI and p-PBI bpolymers.

Room-temperature mechanical evaluations were caedudor acid doped
membranes for both copolymer systems. Evaluatioth@fABp-PBI copolymer system
indicated that mechanical properties were relagivebnstant as the copolymer
composition varied. Changes that were observedhén mechanical properties were
attributed to differences in inherent viscosity @it loadings, and could not be credited
to polymer compositional changes. However, evabmabf the i-AB/p-PBI copolymer
system did indicate changes that were attributablehe polymer composition. The
stress-at-break and elongation-at-break were fdaamdkecrease as randomization of the
system increased. This is consistent with previeualuations of randomization in
ordered systen$. A decrease in Young's moduli of the i-AB/p-PBI obpners was
observed as the p-PBI content increased. Thistibwaed to the differences in bond
angles of the para-phenyl moiety of p-PBI as comgbdo the benzimidazole structure of
i-AB-PBI and the corresponding polymer repeat lgrigths which can affect inter-chain
packing.

lonic conductivity evaluations were conducted ura@nydrous conditions over a
range of temperatures for both random copolymetesys. For the AB/p-PBI random
copolymers the ionic conductivity decreased as AB-Pontent increased. Since the

AB/p-PBI copolymers evaluated had similar acid logd, this effect was attributed to
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the instability of AB-PBI gel membranes with higlcidh loadings at elevated

temperatures. This effect is also evident by thpgdraecreased ionic conductivity of the
90:10 (AB/p-PBI) copolymer, which showed a sigrafit decrease in ionic conductivity
with increasing temperature. AB-PBI homopolymers reveunstable at elevated
temperatures and ionic conductivity measurementtdaoot be conducted. The i-AB/p-

PBI copolymers exhibited an increased ionic conslitgtwith increasing p-PBI content.

These effects were largely attributed to the acigdlymer ratio of the membranes
evaluated. However, an effect of phenyl group ipooation on proton conduction cannot
be ruled out.

Fuel cell performance evaluations were conductedhath the AB/p-PBI and i-
AB/p-PBI copolymer systems. Studies of the AB/p-P8bpolymers indicated a
correlation between fuel cell performance and #o&l content in the membrane.
Membranes with higher than 70% AB-PBI content wienend to be unstable under the
fuel cell operation conditions evaluated, indicatof the instability of PA-doped AB-PBI
gel-membranes at elevated temperature. For the/pAMBIl copolymers, fuel cell
performance decreased as randomization of themyisiereased. Although the fuel cell
performance decreased with randomization, all i{fABBI copolymers were found to
have suitable high-temperature fuel cell perforneancLifetime evaluations were
conducted for several i-AB/p-PBI compositions andl showed stable fuel cell
performances for more than 1000 hours. These studghlight an important design
criterion for membrane gel stability. Copolymerimatof PBI polymers that create highly
randomized polymer sequences seem to disrupt gzaking in the highly swollen gel

state. Thus, even when the phosphoric acid comethie membranes is retained, the gel
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thermal stability is likely to decrease, thus remtg these membranes unsuitable for
long-term stability at high temperatures.

s-PBI membranes were synthesized with uniformécedl sulfonate groups along
the polymer backbone by utilizing a pre-sulfonatednomer. s-PBlI membranes were
prepared via the PPA process and subsequently @ubviith sulfuric acid. s-PBI
membranes doped with sulfuric acid were selecte@dvaluations in a VRFB due to the
exceptionally high conductivity and material stdapilin sulfuric acid. Mechanical
analysis of the as-cast and sulfuric acid dopedissfembranes showed a significant
increase in the Young's modulus of the materiab$2Pas compared to the phosphoric
acid doped membranes. The increase in mechanicglefires were attributed to
membrane composition and thickness changes duiieg aicid exchange process.
Complete acid exchange was verified via titratioalgsis.

Performance evaluations were conducted on sulfiaed doped s-PBI
membranes in an operating single-cell VRFB. Paddilan curves, OCV decay, and cycle
testing were carried out. Exact replicate evaluatioere performed on Nafion 117 and
Nafion NR-211 for comparison. Obtained ASR dataidatks a notably higher
conductivity for s-PBI than Nafion in an operatid&®FB. Differences in cell voltage at
higher current densities were attributed to diffiees in membrane swelling. Swelling of
the s-PBI membrane compressed the electrode, ireguitlower porosity and increased
concentration polarization relative to Nafion-baseaterials.

Open circuit voltage decay studies indicate thatd-PBI membranes exhibited a
slower rate of voltage decline and vanadium ditfngihan that of Nafion NR-211. Cycle

testing evaluations also indicated that s-PBI segged vanadium crossover much more
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effectively than Nafion NR-211. Coulombic efficignof s-PBI was measured to be
nearly 100%, comparable with the much thicker Nafibl7 membrane. Discharge
capacity evaluations show excellent discharge ¢apsdor both Nafion NR-211 and s-
PBI, allowing for a greater window of operation dRFB systems. s-PBI also showed
the least drastic normalized capacity fade, indieadf the vanadium crossover resistance
of the material. Stable area specific resistancesewbserved for s-PBI, suggesting
minimal performance degradation within the testpegiod. s-PBl was found to be an
excellent material candidate as a high-performamembrane for VRFB systems. s-PBI
appears to combine the superior coulombic effigren€ Nafion 117 with the high
voltage efficiency of Nafion NR-211, resulting inet highest overall energy efficiency,
with an average efficiency of 84% compared to 77fh Wafion 117 and 45% in Nafion
NR-211.

s-PBI was utilized for the first time as a polynaectrolyte membrane in the hybrid

sulfur electrolyzer (HyS)The HyS performance studies indicated that themgdtidevice
performance was around 90°C, and that temperaalvese 120°C caused the device
performance to become unstable. Operation of th® klectrolyzer with sulfuric acid
doped s-PBI is a significant step towards the dgwekent of HyS systems capable of
high-temperature operation. Since this was thet fagempt at high temperature
operation, it is surmised that stable elevatedgoerdnces could be obtained at higher
temperatures once the experimental conditions comge humidification of the S©
reactant feed are thoroughly evaluated. This woalk the first application of PBI in a
HyS electrolyzer. Moreover, this work is the firgport of high temperature (>100°C)
device operation. This work has proven to be aisogimt mile-stone for the development

and expansion of PBI PEM based electrochemicalkdenpplications.
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The reactivity of several chemical functionaliti@sre evaluated to determine an
appropriate motif for the solution polymerizatiohm-PBI in DMAc. Mono-functional
analogues were reacted withdiaminobenzene and the reactions were monitorad vi
GC/MS. A bisulfite adduct of benzaldehyde was foundsuccessfully produce the
desired phenylbenzimidazole in high-yield with fasinversion. Polymerization trials
were also conducted with di-functional monomersg @milar results to the mono-
functional analogues were obtained. A bisulfite wddof isophthalaldehyde was
synthesized and the product was confirmed'aNMR and FT-IR analyses. Numerous
polymerization trials were conducted in which teephthalaldehyde bisulfite adduct and
commercially available tetraaminobiphenyl were tedcunder reflux conditions in
DMAc. Polymerization trials were conducted with amithout the use of LiCl as a
solution stabilizer over a range of reaction com@ions. Optimal reaction conditions
were determined to be at approx 18 wt % polymeicentration. Polymer product was
analyzed via TGA, DSCH-NMR, and FT-IR and compared to commercially proeti
m-PBIl. TGA, FT-IR and DSC studies showed identichhracteristics to that of the
commercially produced m-PBIH-NMR analysis compared to reported literaturetfe
H-NMR spectrum of m-PBI also confirmed the produarnfation. A viable,
commercially applicable, solution polymerizationopess for the synthesis of high-
molecular weight PBI in DMAc was developed. Thisuson polymerization process has
significant commercial and industrial applicatidaghe large-scale production of m-PBI.
In theory, this process could be applied to procdueariety of PBI derivatives.

Experimental development of new polybenzimidazfiemistry and evaluations

of the structure-property relationships thereofended to the developments of several
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new types and classes of polybenzimidazole maseriakperimental electrochemical
device applications were evaluated and expandedapi@icability of these high-
performance polymers as membrane materials. A newbveloped solution
polymerization for polybenzimidazoles has preserdpgortunities for highly-efficient,
cost-effective, large-scale production of this Mydstudied polymer. Overall, the work
presented in this thesis contributed to expanding ¢ver-growing knowledge of
polybenzimidazole chemistry, and has expanded ld#atrechemical device applications
of the material as well as development of a vigolkeition polymerization method for the

large-scale production of polybenzimidazoles.
9.2 Future Work

Future work should consist of continuing to depeland explore structure-
property relationships through the development@feh polybenzimidazole derivatives.
Evaluations of AB-type copolymers with known PBhgoositions could provide further
insights into the material design and applicatiBxperimental evaluations with new
types of electrochemical energy conversion and ggnetorage devices should be
conducted to fully understand the potential applices and performance capabilities of
polybenzimidazole as a polymer electrolyte membraagerial. Solution polymerization
studies with other PBI derivatives using a bisalfiinctionality should also be explored.

By applying the understanding developed from th&earch in terms of sequence
regularity and stability, new systems can be deedoin which performance properties
are increased. The field of polymer electrolyte heame (PEM) fuel cell technology is
continuously expanding and provides a viable averfioe the development of

environmentally friendly, stable, sustainable cleaergy. As our population continues to
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grow it's need for energy, fuel cells based on pely science become an increasingly
important field of study. Perhaps the combinatiérpalybenzimidazole chemistry with
other well suited systems such as PFSA membrangd pooduce the next generation of
extremely high performance membranes. By impartiregknown benefits and thermal
stabilities of polybenzimidazoles with other weidww chemistry, a polymer electrolyte
membrane could be produced which does not fail. yM&ystems have been developed
that have been shown to have stable performancestbe entire duration of testing
(thousands of hours). The understanding of thasetate-property relationships could
very well lead to the production of next-generatiBEM fuel cell systems. This
technology provides clean alternatives to fossdl fobased energy and other hazardous
energy sources. Within the next 20 years, it isligted that this technology will become

common place, as our hydrogen economy continuesgitow and develop.
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