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Abstract

A study was done into three sets of polybenzimidazoles (PBIs). The first set is a
quaternized PBI known as poly(1,3-dimethyl benzimidazolium) (P(DMBI)) that was
shown to have anion exchange properties. The second set is a novel quarternized PBI
that had additional methylation on the phenyl ring known as mesitylene-poly(1,3-
dimethyl benzimidazolium) (Mes-P(DMBI)) which also had anion exchange properties.
The last set is a series of blend membranes of PBlI and Mes-P(DMBI)-OH’, which

showed that it was possible to synthesize a stable, hydroxide-conducting polymer.

The P(DMBI) membranes were synthesized with various counter-anions (I, CI,
Br, NOs, HCO3; and OH’) and they were mostly found to have low water uptake at high
ion exchange capacities (IECs) and good conductivity values. They were also found to
be thermally stable up to approximately 150°C. The hydroxide membrane was unstable
due to membrane degradation, which provided the impetus to synthesize the second

and third sets of PBIs mentioned above.

Mes-P(DMBI) is a novel polymer that was synthesized in order to attempt to
create a stable hydroxide-conducting polymer. It was also synthesized with various
counter-anions (I, CI', Br, OH"), and they were found to have much higher water uptake
than their P(DMBI) counterparts. The hydroxide membrane was stable, but water-

soluble, rendering it unusable as anion exchange membranes (AEMSs).

The stability of the aforementioned Mes-P(DMBI)-OH™ prompted the synthesis of
a series of blend membranes of PBI and Mes-P(DMBI)-OH™ with different IECs. This
utilized the cross-linking and mechanical stability properties of PBI, combined with the
hydroxide-conducting property of Mes-P(DMBI)-OH™ to make a stable, hydroxide-
conducting membrane. The blend membranes were found to conduct hydroxide and to
be stable in concentrated (2 M) KOH,q at 60°C over the period of a week, showing

great promise for use in AEM fuel cells.
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1. Introduction

1.1. Anion Exchange Membranes and their Applications

Anion exchange membranes (AEMs) are polymers that contain a fixed, immobile
cation and a negatively charged anion. They have been shown to be stable in water and
can be tuned to have different properties (i.e. stability, ion exchange capacity, flexibility,
solubility, etc.) depending on their intended use. Often the positive charge is attained by
using a quaternary nitrogen atom on pendant chains attached to the polymer backbone.
The positively charged nitrogen is counterbalanced by a mobile anion, as shown in

Figure 1.1 below as well as the examples described in this section.

R m— X Ry m—N*X-
Rz/ \Ra R2/ \Ra

Figure 1.1:  General structure of an AEM.

In general, when designing AEMs, consideration must be taken so that a
membrane has a sufficiently high ion exchange capacity (IEC), which is the quantitative
measurement of the number of charged sites in a polymer, as shown below in Equation

1. The multiplier of 1000 allows for the reporting of IEC in whole numbers.



number of anionic sites per repeat unit

IEC = ( )x 1000 (1)

molecular mass of one repeat unit

The IEC must be high enough to allow for good ion transport, but also low
enough that the membrane does not swell too much in aqueous solution. A very high
IEC often results in membranes breaking upon immersion in water due to the high ionic
content. A good IEC range for quaternary ammonium AEMSs has been found to be ~0.9 —
1.4 meq g*. Also, membranes must usually take up a significant amount of water for
complete dissociation, especially since model quaternary ammonium membranes have
been shown to contain water that is not directly associated with the ionic groups. Their
stability was also found to be lower when the membranes were not fully hydrated, which

shows the importance of water to these membranes.*

AEMS have a broad range of applications such as ion exchange separators in
vanadium batteries?, electrodialysis® and filtration*®, dye-sensitized solar cells, and in

alkaline anion exchange membrane fuel cells®, as described below.

1.1.1. Filtration

AEMs are useful in filtration applications as they are stable in water,
impermeable to positive ions, and can be tailored to be selective to specific ions.
Recently, studies have looked at their potential use in nanofiltration applications, a field
that is dominated by neutral and cation exchange membranes. Du and Zhao recently
demonstrated that a cross-linked membrane of poly(N,N-dimethylaminoethyl
methacrylate) and polysulfone (shown in Figure 1.2) could be used in filtration, and that
changes in the relative amounts of each polymer, as well as reaction conditions,

drastically affected membrane performance, showing again the tunability of AEMs.*
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Figure 1.2:  Cross-linked AEM synthesized by Du and Zhao.*

Another class of polymers that has been investigated for filtration is the
polyimides, which have been used in engineering plastics since they are chemically and
thermally stable. Due to their insolubility in most organic solvents, they were initially not
suitable for use as AEMs, but they can be modified to include bulky groups, phenylene
rings and flexible cross-links in order to become soluble. As an example, Kim and Tak
describe the synthesis of a polyimide containing a pyridine group, whose structure is
shown in Figure 1.3. This polymer was tested as a salt nanofiltration membrane and
shown to have better salt retention properties than a comparable neutral polyimide

membrane due to anion exchange with the cation.®

o o] o] 0 rJ\OH
NI CI
OO OOl Ot
X F y Jn
(0] o] o (o]
Figure 1.3:  Basic structure of the soluble polyimide prepared by Kim and Tak.®

AEMs have also been employed to recover acid from wastewater solutions, as
they allow for easy transport of anions across them, but not protons. Tongwen and
Weihua used poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) as a base polymer and
through aryl and benzyl bromination, then cross-linking through amination, turned it into
an AEM. They found that varying the amount of benzyl substitution affected the rate of

acid recovery, while varying the amount of aryl substitution affected the membrane’s



selectivity for the desired ions. This shows that AEMs are versatile and their properties

are tunable.’

Singh et al. have recently devised a green synthesis for a hybrid organic-
inorganic AEM using a sol-gel reaction in water and poly(vinylalcohol) (PVA), whose
structure is shown below in Figure 1.4. This type of membrane is quite interesting
because the inorganic segment imparts mechanical and thermal stability to the
membrane, while the organic segment allows for flexibility and the desired reactivity of
the polymer. It is fairly hydrophobic and mechanically strong, meaning it represents a

new class of AEMs.®

Swer W
n
Jﬁ !
HO

]

o H,C THQ

{ 4

O—Si—O—S{—O—Si o—

[

(‘;HZ NH NH
Lol k( g(
M orne” crne”

n \\ ~

Figure 1.4:  Structure of the inorganic-organic hybrid AEM synthesized by Singh
et al.®

1.1.2.  Electrodialysis and Separation

Electrodialysis is a process by which ions are moved from one solution to
another via an applied electric potential. This allows for the concentration of ions in order
to recover them later. The most widely used application for this technique is in
desalination of saltwater to make it potable, and purification of the resulting brine for salt.
However, in recent years, this technique has also been used to recover acids and bases
from industrial wastewater, the production of acids and bases from their salts, and even

energy generation.’



A conventional electrodialysis set-up is shown below in Figure 1.5, where both
cation exchange membranes (CEMs) and anion exchange membranes (AEMs) are
alternated between the anode and cathode. When an electric potential difference is
applied, the feed solution flows through the chamber between the anion and cation
membrane, with the result that the chambers will eventually become concentrated with

ions.

Cathode AEM CEM Anode

|

Feed Solution

Figure 1.5: A conventional electrodialysis set-up.

1.1.3. Batteries

In vanadium batteries, AEMs can be used to separate the cathode and anode
solutions in order to prevent them from reacting with one another.™ It is crucial in these
batteries that the membrane is impermeable to vanadium ions to prevent crossover,
which causes the battery to self-discharge. This has been shown to be a problem with
the Nafion membranes that were used previously. It was theorized that an AEM could be
used since they contain fixed cations which would repel the vanadium cations and thus
prevent them from crossing over. Qiu et al. prepared such an AEM by grafting an
aminated monomer onto an ethylene tetrafluoroethylene (ETFE) membrane, and found
that it had a significantly lower vanadium crossover and a generally better performance
than Nafion, making it viable for use in these types of batteries. The structure of their

AEM is shown below in Figure 1.6.2



Figure 1.6:  Structure of the grafted ETFE polymer prepared by Qiu et al.?

1.1.4. Dye-Sensitized Solar Cells

Another area in which these membranes are starting to find applications is as
solid electrolytes in dye-sensitized solar cells (DSSCs). These types of solar cells were
first developed by Gratzel in 1991, and consist of a film of TiO, particles coated with a
monolayer of a charge-transfer dye. A current is generated when light hits the dye
molecule, which absorbs a photon and then ejects an electron into the semiconducting
layer. The circuit is completed by means of the presence of a reducing agent that

regenerates the dye.*

Classic organic photovoltaic devices used one material for both light harvesting
and charge carrier transport, and it was a challenge to find materials that satisfied both
of these properties. The development of the DSSC allowed for the use of separate
materials for light harvesting and carrier transport, which opened up a promising avenue
for optimization of solar cells for commercial energy use.'” The ionic conductivity of solid
electrolytes ranges on the order of 10® to 10° S cm™ for solid electrolytes at room
temperature, depending on the nature of the electrolyte. This conductivity can be
increased up to the order of 10* — 10° S cm™ with the addition of solvents and/or ionic
liquids.*** The conductivities of liquid electrolytes typically range from 10 to 10° S cm’
! but despite higher conductivity, research in this field is turning more and more to solid
electrolytes as liquid electrolytes have several problems such as leaking, volatility and
viscosity. Solid polymer electrolytes therefore represent an attractive alternative as they

do not suffer from the issues mentioned above.

6



1.2. Anion Exchange Membrane Fuel Cells (AEMFCs)

A fuel cell is an apparatus that can directly convert chemical energy into electrical
energy, and differs from a traditional galvanic cell in that it does not require recharging to
provide a continuous current as long as a steady supply of fuel is available®®. This
property has made them attractive as alternatives to internal combustion engines in

17-19

automobiles and for stationary power generation as well.*

Fuel cells that use hydrogen have been studied extensively in recent years
because their only by-products are water and heat, and as such, they are viewed as a
source of clean energy.[5] Even though they are too expensive for widespread
commercial use, the declining supply of fossil fuels and the environmental issues
associated with greenhouse gas emissions have driven researchers to focus on
improving them to address these issues. The main costs that hold back fuel cells from
wider use come from the expensive catalysts, the fuel, and the polymers used as solid
electrolytes. Most efforts in recent years have focussed on moving toward cheaper
catalysts and membranes, as well as attempts to improve the overall efficiency of the

fuel cell.

All fuel cells consist of an anode, a cathode, and an electrolyte. In the case of
hydrogen fuel cells, hydrogen gas is oxidized at the anode and the oxidant gas (either
oxygen or air) is reduced at the cathode. The electrolyte serves as a conduit for ions to
flow from one side to the other, and a current is produced from an external electric
circuit. This is shown below in Figure 1.7 for an anion exchange membrane fuel cell, in
which hydroxide ions are the conductive species and a mixture of oxygen and water

gasses are the fuel.



External Circuit

Anode Cathode
Hydrogen In H, 0, &xx;gerr::nd
— _ ate
——— —_ Unused
Exhaust Out H,0 o, Oxygen and
Water Out

Figure 1.7:  General schematic of an anion exchange membrane fuel cell.

The vast majority of literature on polymer membranes for hydrogen fuel cells has
focussed on negatively charged proton exchange membranes (PEMs), but the body of
literature on anion exchange membranes is growing. In recent years, many groups have
looked at using polymers as AEMs in alkaline fuel cells. The precursor to the AEMFC is
the alkaline fuel cell (AFC), in which the cathode and anode are separated by a liquid
electrolyte instead of a solid one. The electrolyte is usually aqueous potassium
hydroxide. The advantages to using this type of fuel cell are that the oxygen reduction
reaction in basic media is much faster, and so cheaper cathode catalysts such as nickel
and silver can be used, as opposed to the expensive noble metal catalysts that must be
used for proton exchange membrane fuel cells. Various issues with AFCs include
electrolyte leaking and electrode poisoning by the formation of carbonic acid from the
reaction of KOH with carbon dioxide in the air, which requires the fuel materials to be of
high purity.?® AEMs are a viable alternative as a solid electrolyte due to the fact that they
do not suffer from the leaking issue, and there is no possibility of carbonate precipitation
since the cations are attached to the polymer and thus immobile. A brief discussion of

some recent advances in literature in this area is described below.

Robertson et al. recently demonstrated that it was possible to tailor the synthesis
of a polymer for various intended purposes, but most importantly for AEMFCs. They

were able to synthesize the polymer in the hydroxide form with no post-polymerization



modifications through addition of tetraalkylammonium groups to the monomer prior to

polymerizations. The structure is shown below in Figure 1.6. %

Figure 1.8:  Structure of the AEM synthesized by Robertson et al.?

Another avenue that has been pursued is the amination of the polymer Nafion,
which is the standard polymer used in proton exchange membrane fuel cells owing to its
high thermal, mechanical and chemical stability. It is a perfluorinated block polymer with
a triflic acid-like pendant group and an ionic morphology that leads to high water-
saturated conductivities. Specifically, the morphology is such that the hydrophobic and
hydrophilic blocks are phase-separated on the nanoscale when the membrane is dry,
and when hydrated, the hydrophilic regions form channels that allow for proton
dissociation and therefore conductivity.?” Surprisingly, this avenue of Nafion modification
has not been widely explored until very recently. Salerno et al. synthesized a chemically
modified Nafion in which dimethylpiperazinium cations were added to it in order to make
it an AEM (structure shown below in Figure 1.4). The membrane was found to be nearly
identical to Nafion in terms of morphology, and was also thermally, chemically and
mechanically stable at operating conditions. The hydroxide conductivity was found to
increase with temperature and ranged between 1.33 — 11.5 mS cm™. Moreover, the

conductivity was recoverable upon dehydration and reheating of the membrane.?
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Figure 1.9: Chemically modified Nafion AEM made by Salerno et al.?

Another solution that has been examined is the doping of polybenzimidazole, or
PBI (see Figure 1.8 for structure), with KOH 4 to turn it into an AEM. It has been doped
with phosphoric acid and successfully used as a PEM,?* and is also very durable in
alkaline media, so various groups have investigated its viability as an AEM. Hou et al.
tested the durability of a PBI/KOH membrane in an alkaline direct ethanol fuel cell
(ADEFC) and its conductivity was found to decrease by 43% after 100 hours of
operation and was stable for 336 hours at 60°C.* In another paper, they found that KOH
molecules were embedded evenly in the PBI matrix, which likely contributes to the high
conductivity in these membranes.?® Recently, Matsumoto et al. tried wrapping hydroxide-
doped PBI around carbon nanotubes to use it as an electrocatalyst in AEMFCs to help
improve their power densities. When it was tested in a membrane electrode assembly, it

was found that the PBI layer worked well as a hydroxide-conducting path.*’

Despite all of these advances, to the best of our knowledge, a stand-alone (i.e.
undoped), hydroxide-conducting AEM has not been synthesized. The polymers that
have been synthesized for this purpose suffer from degradation after prolonged periods
of time, and thus are not suitable for commercial use.?®>* The main drive behind this
thesis project was toward synthesis of such a membrane, as this represents the next

stage of development toward the commercialization of AEMFCs.
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1.3. lonic Liquids

lonic liquids are salts that are liquid at room temperature.®*® They were first
reported by Chum et. al in 1975 as a solvent in which electrochemical reactions could be
studied.®® They have since been used extensively as aprotic solvents for various
chemical reactions; moreover, since they are often conductive, they have been studied

for use as electrolytes in electrochemical applications.

The thermal and chemical stability of ionic liquids has led to their use in a number
of electrochemical applications.**® Composites of ionic liquids imbibed in polymeric
matrices have been investigated,® as have polymers with tethered ionic liquid moieties,
derived from vinyl-based monomers, although the polyvinylic nature of the backbone is
unlikely to resist high water uptake at high IEC levels. The conductivity of
poly(benzimidazole) : acid adducts in the dry state has been reported,* but in these

systems the acid elutes from the polymer in the presence of water.

One class of ionic liquids that has recently been explored are nitrogen-containing
heterocycles, such as imidazoles. They can be synthesized through the reaction of alkyl
halides with imidazole to yields ionic liquid imidazolium salts. The halides can be easily
exchanged with other anions (e.g., PFgs, BF4, NO3) depending upon the desired

properties.

The polymers studied in this thesis can be thought of as polymeric forms of ionic
liquids, in that they contain the imidazole group and have electrochemical properties,
and as such their properties are sometimes compared to those of ionic liquids of similar

structure.

1.4. Poly(benzimidazole) (PBI)

PBI is a well-known polymer in the thermochemical industry. It is thermally stable
up to approximately 650°C, oxidatively stable, and is also non-flammable, which has led
to its use in thermal protective clothing and as an asbestos replacement.® Its structure is

shown below in Figure 1.8.
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Figure 1.10: Structure of PBI.

In recent years, studies have investigated doping PBI with various acids in order
to investigate its ionic conductivity. One of the first studies was done by Aharoni and
Signorelli, who found that PBI salts of monoprotic acids performed very poorly as ionic
conductors.?* However, later studies by Wainwright et al. with amphoteric ions were
much more promising, and showed good conductivity that increased with increasing acid
concentration.®” The acids were found to dissolve in the membrane, and a doping level
of 50% was possible without damaging the polymer. The conductivity was also found to
increase with increasing water content. Initial fuel cell tests using a methanol-powered
fuel cell showed that the PBI membrane was stable for at least 200 hours at 150°C
(quite high for a fuel cell) in the presence of hydrogen, oxygen and platinum, which were
very promising results. In addition to this, it was found to have lower permeability to

methanol than other electrolytes.®®

HsPO,-doped PBI systems have been examined extensively for high temperature
proton exchange membrane fuel cells (PEMFCs),*®** but anionic conductivity is

secondary to the high proton conductivity of the phosphoric acid.

PBI is the base polymer for all compounds studied in this work.

1.5. Poly(dimethylbenzamidazolium) X

Alkylation of PBI has been reported in literature, but the intention was to evaluate

40-45

the effects of N-substitution upon thermal, mechanical and gas permeability, rather

than ion conductivity.

In 1993, Hu et al. synthesized poly(dimethylbenzimidazolium) iodide (P(DMBI)-I"),

an alkylated polybenzimidazole whose structure is shown below in Figure 1.9. The intent

12



was to observe the effect of alkylation on the polymer’s solubility in organic solvents, as
well as its thermal and mechanical properties, since PBI is insoluble in many organic
solvents. It was found that alkylation increased its solubility in dimethylsulfoxide (DMSO)
and N-methylpyrrolidinone (NMP), likely owing to the fact that alkylation removed the
interchain hydrogen bonding that is present in PBI. The polymer was also found to have
much lower thermal stability than PBI; however, no measurements of its ionic
conductivity were performed.”® The impetus behind this work was the belief that this
polymer could be used as an AEM due to its charged backbone and iodide ion, and that
if it could be synthesized and found to be conductive, it would represent an entirely new
class of AEMs in which the backbone, and not a pendant group, carried the mobile

anion.

Figure 1.11: Structure of P(DMBI)-I".

The subject of this thesis is the successful synthesis and characterization of
P(DMBI)-I', its conversion to other anionic forms, and its further chemical modification to

produce a chemically stable hydroxide-conducting polymer.
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2. P(DMBI-X Anion Exchange Membranes

This section is partially reprinted from:

Owen D. Thomas, Kristen J. W. Y. Soo, Timothy J. Peckham, Mahesh P. Kulkarni,
Steven Holdcroft, Anion conducting poly(dialkyl benzimidazolium) salts. Polymer
Chemistry, 2011, 2, 1641-1643.

2.1. Contributions

I worked with Owen Thomas and Mahesh Kulkarni to synthesize PBI and P(DMBI)-I". |
cast all of the membranes and carried out all anion exchange conversions, conductivity
analyses, IEC measurements and other characterization experiments. | also edited all
drafts of the manuscript. Dev Sharma performed the TGA measurements. Owen

Thomas calculated A, [X] and p',-.

The data that were reported in the paper include all of Section 2.4.1, and Table 2 with all

associated observations in Section 2.4.3.

2.2. Overview

This section of the thesis presents the work that was done to synthesize and
characterize the charged polymer poly(dimethylbenzimidazolium) in different anionic
forms, known as P(DMBI)-X.
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2.3. Materials Used

2.3.1. Polybenzimidazole (PBI)

All of the polymers used in this work were based on PBI, which can be
synthesized in high molecular weight through the condensation of a tetraamine and a

dicarboxylic acid, as shown below in Figure 2.1.

HoN NH, HOOC COOH N N
T — {0

HoN NH; ﬁ H n

Figure 2.1:  Scheme for the synthesis of PBl used in this work.

2.3.2. P(DMBI)-X

P(DMBI)-X is the primary polymer upon which experiments were conducted. The
polymer is initially synthesized in the iodide form through a two-step reaction in which

PBI is deprotonated, then methylated using methyl iodide, as shown below in Figure 2.2.

N N Li*'N N Li*

H H n o e n
2./ N N CHal )

LN NL . T N ;

Figure 2.2:  Scheme for the synthesis of P(DMBI)-I'.
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2.4. Results and Discussion

2.4.1. Polymer Synthesis and Basic Analysis
PBI was synthesized using the procedure outlined by lwakura et al.*®

P(DMBI)-I" was synthesized using the procedure outlined by Hu et al.*°
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'H NMR spectra for both compounds were found to be consistent with literature
results. The PBI spectrum is shown in Figure 2.3 and the P(DMBI)-I" spectrum is in
Figure 2.4. The two singlets in the P(DMBI)-I" spectrum (4.20, 4.13 ppm) integrate to 5.5
and 6 protons (where 6 would be expected for each one), and correspond to the two
methyl groups on P(DMBI)-I". Of note is that they are not found in the PBI spectrum,
which is evidence of methylation. Also, the PBI singlet at 13.3 ppm (which corresponds
to the PBI imidazole protons) is not present in P(DMBI)-I', indicating that these protons

have been replaced.

a
N N
LT
N )
9

e
d f
g w
15.5 12.5 11.5 10.5 9.5 ‘ 8.5

7.5 6.5 55 4.5

Figure 2.3: 'H NMR spectrum of PBI.
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Figure 2.4: 'H NMR spectrum of P(DMBI)-I.

The degree of methyl substitution on P(DMBI)-I' was also calculated by
comparing the ratio of the integrals of peaks g and h to those of peaks a — f as a whole,
and it was found that 88-93% of the available nitrogen atoms of PBI were methylated.
The technique of using NMR integration to quantify the number of protons is accurate to

within 0.5% as demonstrated by Bauer et al.*’

IR spectra of PBI and P(DMBI)-I" are shown in Figure 2.5. Both polymers contain
C=N/C=C groups (~1620 cm™) and exhibit an in-plane deformation of the benzimidazole
ring (~1440 cm™). PBI contains a unique peak at ~3200 cm™ correlating to an N-H
stretch that is not present in P(DMBI)-I'. The P(DMBI)-I" spectrum also displays a new
peak at 1216 cm™ that corresponds to a C-N stretch from the new methyl groups. There
is also a water peak at 3450 cm™. The new peaks provide additional evidence for the

methylation of the nitrogen atoms in the benzimidazole system.
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Figure 2.5: IR spectra of PBl and P(DMBI)-I".

2.4.2. PBI Properties

A thermal gravimetric analysis (TGA) plot for PBI is shown in Figure 4, and it was
found to be stable up to ~650°C, and then lost ~10% of its mass up to 850°C. This is

consistent with literature results attesting to its high thermal stability.*®°
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Figure 2.6: TGA plot for PBIl under nitrogen at a heating rate of 10°C/minute.

PBI was found to have a water mass uptake of 32 = 3%.

2.4.3. P(DMBI)-X Properties

Solvent absorption tests were done on P(DMBI)-IT membranes in order to
determine the effect of solvent on conductivity. The results are shown in Table 1. The
P(DMBI)-I" membrane was found to absorb solvents in the order of acetonitrile < water <
propylene carbonate. Of note is that the membrane does not absorb a lot of water by
mass (10%), but this amount of water caused its volume to increase by almost 30%. The
opposite relationship is observed for both acetonitrile and propylene carbonate, as the
polymer did not swell a lot despite absorbing approximately twice as much solvent by
mass. This indicates that the behaviour of the polymer is solvent-dependent. Lastly, both
acetonitrile and propylene carbonate do not appear to be effective plasticizers because
when the membrane has fully absorbed either of those solvents, its conductivity is a full
order of magnitude lower than when it has absorbed water. Since conductivity is
dependent on the ability of the solvent to solvate and dissociate the anions from the
positively charged polymer backbone, it is unsurprising that acetonitrile and propylene
carbonate, not being ionic solvents like water, would not be able to accomplish this

effectively.
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Table 1: Solvent absorption of P(DMBI)-X".

Solvent Mass Uptake (%) | Volume Uptake (%) | Conductivity (mS
cm™)
Water 102 28+3 3.3+x04
Acetonitrile 62 3zx1 0.25+0.08
Propylene 32+4 18+2 0.30£0.05
carbonate

P(DMBI)-I" membranes were converted to other anionic forms as described in
Section 2.6.3.2. All tested anionic forms of P(DMBI)-X" were found to be mechanically
stable except for the hydroxide form, which broke apart almost instantly upon immersion
of P(DMBI-I" in hydroxide solution. This was the motivation for the work presented in

Chapter 3, and is discussed more fully in that chapter.

Thermal gravimetric analysis was performed on P(DMBI)-I, P(DMBI)-Br and
P(DMBI)-CI" (experimental conditions listed in Section 2.6.2.3) and their TGA curves are
shown below in Figure 2.7. P(DMBI)-I" is stable up to 160°, and has a mass loss of 10%
up to ~95% which is likely water (which showed up in the IR spectrum). This water is
most likely absorbed from ambient air. It then loses ~45% of its mass between 160 —
400°C, and then decomposes above 550°C. It is likely that the ~45% mass loss is due to
the loss of two methyl iodide groups, as they correspond to 46% of the molar mass of
the polymer backbone. Henkensmeier et al. have done TGA studies coupled with a
GC/MS on this polymer and confirmed that this is the product lost at this temperature

range.>

P(DMBI)-Br is stable up to 216°C, and shows a mass loss of ~13% up to 93°C,
and then it was stable up until 216 — 397°C where it lost ~33% of its mass. The polymer
then lost another 8% of mass between 397 — 487°C, followed by a sharp decrease in
mass between 487 — 550°C and then decomposes past that temperature. Again, it is

likely that the first mass loss is residual water, and the second mass loss of ~33% is
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likely due to methyl bromide loss (which in theory makes up 36% of the mass of the

polymer).

The P(DMBI)-CI' curve shows three small mass losses (totalling ~13%) up to
86°C, and is then stable up to 212°C where it loses ~18% of its mass up to 328°C and
then loses another ~12% of its mass between 328 — 394°C. The polymer then slowly
decomposes at higher temperatures. The negative values of weight loss and the fact
that there are multiple mass losses before 86°C (which would be water) for this curve
are likely due to the balance shifting during the experimental process. The first mass
loss of ~13% is again likely water, and the mass loss of ~18% is likely the loss of methyl
chloride from the polymer backbone (which comprises 22% by mass of the polymer).

Again, Henkensmeier et al. confirmed this in their TGA experiments on this polymer.*
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Figure 2.7: TGA plots of P(DMBI)-I" (black curve), P(DMBI)-Br" (blue curve) and
P(DMBI)-CI" (red curve).

The TGA curves for P(DMBI)-Br and P(DMBI)-CI" both found to have more than
two observable mass losses; however, it is notable that both polymers are stable past
200°C, which is not the case for the iodide membrane (which begins to decompose past
160°C). Also, it is likely that at higher temperatures, the polymer chain cleaves to form

ammonia, hydrogen cyanide and nitrogen, as well as more condensed heterocyclic

21



species®***: however, determining the exact nature of these products was not deemed
important for this thesis, as the purpose of the TGA experiments was to determine the

thermal stability of these compounds.

Overall, the TGA results for the P(DMBI)-X membranes show a much lower
decomposition temperature than PBI, given their chemical nature. This supports the
postulate that methylation of the nitrogen atoms prevents interchain bonding between
the P(DMBI)-I" chains that is present in PBI, because decreased interchain bonding
would contribute to a lower thermal stability. Both the P(DMBI)-Br and the P(DMBI)-CI-
polymers are stable past 200°C, while the iodide membrane decomposes past 160°C.
By comparison, many ionic liquids containing the imidazolium group are stable to at least
200°C or higher®**° although a few do decompose as low as 145°C.*° Also, the losses of
methyl halide have been verified by Henkensmeier et al., who did recent TGA
experiments on P(DMBI)-X- and P(DMBI)-CI- in which the TGA was coupled with a
GCI/MS for product analysis.*

The reproducibility of TGA results depends on six things: calibration, furnace
cleanliness, sample preparation, temperature range, temperature scanning rate and the
sample atmosphere.®* For the experiments run for this thesis, the TGA machine had
been recently calibrated, the samples were all prepared in the same way (pieces of cast
films) and all had weights within 5 mg. of each other, the temperature range and
scanning rate were the same for all experiments, and the sample atmosphere was
consistent, and thus it is very likely that these experiments are reproducible. The furnace
cleanliness at the time of the experiments is not known, but provided the instrument is

cleaned regularly, this would likely not be a large contributor to reproducibility.

Membrane properties of P(DMBI)-X" as a function of X" are shown below in Table
2. Each one has a different IEC because this is a measure of the number of ionic sites

per mass of the repeat unit, as shown in Equation 1 in Section 1.1.

It was found that the Br’, HCO3, I and NOs;” membranes had relatively low water
content, as evidenced by their low A values of 2, 3, 2 and 5, respectively (where A =
moles of H,O per mole of N*). However, P(DMBI)-CI" was found to reproducibly have a

very high A of 167, which is quite surprising since it is two order of magnitudes higher

22



than the corresponding values for the Br and I membranes. This large difference in
values can be explained by the fact that in alkali halide salts, the free energy of hydration
(AGhyg) increases as the difference in size between the anion and cation increases
(where the size difference increases from I < Br' < CI). This trend is the same for the
anion hardness, which increases the ionic character of the imidazolium-halide pair and
thus the polymer’s hydrophilicity, which leads to the observed high A value for P(DMBI)-
Cr.%?

Table 2: Membrane properties of P(DMBI)-X as a function of X'.
X IEC A ox (MS| [X](M) |Wx (10°cm?| px ™
(meqg/q) cm™?) vis? (10° cm?
vitsh
cr 4.16 167 7611 0.32 24.62 79.1
Br 3.48 2 3.2+04 4.32 0.77 80.9
I 2.97 2 3.3+04 431 0.79 79.6
NO3’ 3.72 3 49+04 4.96 1.02 74.0
HCOg 3.74 5 8505 3.68 2.40 -
I3 1.50 <1 2.7%0.3 3.29 0.85 -

The conductivities of these membranes in the fully hydrated wet state are at least
2 orders of magnitude greater than in the dry state, as seen in Table 2. The data also
showed unexpected differences as a function of anion. For example, o is similar for the I
and Br membranes, even though the latter has a higher IEC. Also, the water uptake and
IEC values are similar for the NO; and HCO; membranes, but the latter has a
significantly higher conductivity. It was also observed that the HCO3; and CI' membranes

had nearly identical o values despite the water content of the latter being 30 times
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greater than the former. This data can be explained by taking into account the

relationship between conductivity and water content, as shown in Equation 2:
0, = FIXIu'y (2)

where F = Faraday’s constant, p’,- = effective anionic mobility (which accounts
for both the association strength between cationic sites and X', and the tortuosity of the
ionic path) and [X'] = analytical anion concentration (calculated values are listed in Table
2).5%% For example, the high water content of the CI" membrane (A = 167) facilitates ion
transport and leads to a considerably greater mobility compared to other membranes;
however, the larger water content causes [X'] to be much lower, which results in similar

conductivity values for the CI"and HCO3; membranes.

The W', values for all the membranes except CI" are approximately 1 to 2 orders
of magnitude lower than the mobility of free anions at infinite dilution in aqueous
solutions (u,-~, listed in Table 2).% This is likely due to their low water content, as
discussed above. In PEMSs, it has been found that the complete separation of the proton
and fixed anion does not fully occur unless A = 6.°® For similar A values (3-6), the
effective proton mobility in Nafion® and sulfonated a-B-B-trifluorostyrene-based BAM®
membranes is also 1 to 2 orders of magnitude lower than free protons at infinite dilution
(3.62 x 102 cm? V! s1).%%% |t is likely that the amount of solvent molecules present at

low A are inadequate for full ion pair separation in these AEMSs.

An interesting observation is that the infinite mobility values for the anions are
within 10% of each other (except for CI), but they show significant variation in the ',
values as a function of X". In Nafion® and BAM® membranes, mobility differences can
be attributed to their different morphological structures, but all of the AEMs studied have
the same backbone. It is therefore apparent that the interaction of X with the polymer
backbone plays a role in determining the anion mobility. Regarding the CI' membrane,
the high A value allows for the anions to more easily be solvated and separated from the
fixed cations, which explains why its p’,. value is much closer to the mobility of CI

solutions at infinite dilution.
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A recent paper by Yan and Hickner reported the conductivity of HCO3 in AEMs
based on quaternary ammonium-substituted poly(aryl ethersulfone).®® The maximum
observed conductivity was 2.73 x 102 S cm™) for a membrane with an IEC of 2.09 meq
g*. P(DMBI)-HCO; showed a lower conductivity than Yan and Hickner's AEM, but also
had a much lower water content (A = 5 vs. 44).

The triiodide (I3") conductivity of P(DMBI) in the solid state was also investigated,
since this polymer has the potential to be used as a solid electrolyte in DSSCs. Samples
of P(DMBI)-I" were soaked in an l,-saturated methanol (MeOH) solution and air dried for
24 h. The estimated iodine uptake was 1.4 moles of I, per mole of I originally present.
Interestingly enough, P(DMBI)-I3" membranes possessed even lower water content than
the parent P(DMBI)-I" membranes but exhibited a similar (wet) conductivity value (2.7 x
102 S cm™ for the former, 3.3 x 10° S cm™ for the latter). Dry samples of P(DMBI)-I5
exhibited a conductivity of 5.0 x 10* S cm™ which is comparable to previously reported
values of 5.0 x 10* S cm™ and 8.0 x 10* S cm® for polyphosphazene®® and
poly(ethylene oxide)/ poly(vinylidene fluoride)-based™ solid electrolytes, respectively,
that have been used in DSSCs.

Conductivity measurements at different temperatures and relative humidity
values were also done for X = I', Br and CI (data shown in Figures 2.8, 2.911 and 2.10,
respectively). All three membranes showed the same trend for all temperatures in which
their conductivity was consistently low (<0.5 mS cm™) until the relative humidity (RH)
reached 95%, whereupon an increase in conductivity was seen. The iodide membrane
had the most dramatic increase in o, with temperature, going from ~5 mS cm™ at 30°C
up to ~47 mS cm™ at 50°C. The chloride membrane also showed an increase in Omax
with temperature, going from ~1 mS cm™ at 30°C up to ~30 mS cm™ at 50°C. The
bromide membrane did not display a trend in o,a« With respect to temperature, as Onmax
increased from 40°C < 50°C< 30°C. Also, it shows a very small increase in conductivity
compared to the other two membranes, as it only goes from 0.45 mS cm™ at 40°C to
~1.8 mS cm™ at 30°C.

It is expected that the conductivity would increase with increasing ionic radius
due to a larger free volume for conduction™, as this behaviour has been observed in

similar polymers’*™: however, this is not the case with the bromide membrane. Since
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these measurements were done on the same membrane three times, it cannot be a
methodical error. There is potentially a different morphology in this membrane, but as
studies of this membrane were not the primary aim of this thesis, this was not

investigated further.
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Figure 2.8:  Conductivity vs. relative humidity plot for P(DMBI)-I" at different
temperatures.
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Figure 2.9:  Conductivity vs. relative humidity plot for P(DMBI)-Br  at different
temperatures.
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Figure 2.10: Conductivity vs. relative humidity for P(DMBI)-CI" at different
temperatures.

27



2.5. Conclusion and Future Work

The polymer P(DMBI)-I" was found to be stable and a good anion conductor.
Studies on this and other anionic forms of this polymer showed that both water uptake
and conductivity were anion-dependent. P(DMBI)-I" was also converted to the triiodide
form and shown to have a conductivity on par with electrolytes used in DSSCs, which

makes it a promising candidate for this use.

Future experiments can be done in which PBI is alkylated with other R-groups
such as ethyl or phenyl in order to stabilize it in the hydroxide forms. It would also be
interesting to compare the conductivity and water uptake values with those presented

above to further investigate the backbone-anion interaction.

Further investigations can also be made into the effect of temperature on the
conductivity of these membranes. Comparisons of A values at elevated temperatures as
well as Dynamic Vapour Sorption (DVS) measurements of water uptake at different
temperatures could also be done to determine the effect of temperature on A.
Experiments to examine the morphology of the polymers, such as TEM or AFM, could
also be investigated to learn more about the factors that affect the polymer’s

conductivity,

In order to deduce the exact nature of the polymers’ decomposition products, the
TGA experiments could be repeated with the TGA analyzer coupled to a mass

spectrometer.

2.6. Experimental

2.6.1. Synthesis
2.6.1.1. Materials

All chemicals were obtained from Sigma-Aldrich Canada Ltd. unless stated
otherwise. Deionized H,O was purified using a Millipore Gradient Milli-Q® water
purification system. All chemicals were used as-is except for 3,3’-diaminobenzidine and

isophthalic acid, which were purified according to literature procedures.”
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2.6.1.2. Synthesis of PBI

PBI was produced according to literature procedures to produce a high molecular
weight polymer®. A typical procedure is described here: 3,3’-diaminobenzidine (9.3450
g, 43.6 mmol) was dissolved in 300 g polyphosphoric acid at 140°C. Isophthalic acid
(7.246 g, 43.6 mmol) was slowly added and the solution heated to 180°C overnight, and
then slowly poured into 3 L of water to precipitate the polymer. Sodium carbonate was
added to this solution until it was basic, and the solution was stirred overnight to
neutralize residual phosphoric acid. The polymer was then dried overnight at 80°C,
ground to a powder using liquid nitrogen, then dried again overnight. Yield: 14.5 g (98%)
(47 mmol).

'H NMR (500 Hz, DMSO-ds, 8, ppm): 13.30 (2H, s, Hg), 9.18 (1H, s, Hp), 8.35
(2H, d, 1 Hz, He), 8.06 (1H, s, Hg), 7.70 (6H, m, Hag ).

2.6.1.3. Synthesis of P(DMBI)-I

P(DMBI)-I was made based on a literature procedure®® and a typical synthesis is
described here. PBI (10 g, 32 mmol) was dissolved in anhydrous NMP (450 mL) under
argon at 100°C, then cooled to room temperature. LiH (0.6364 g, 80 mmol) was then
slowly added, and then the temperature was increased to 100°C and stirred for 15 h.
The solution was cooled to room temperature and iodomethane (excess, 100 g, 704
mmol) was added, and then the temperature was raised to 60°C for 6 hours. The
resulting light brown precipitate was separated from the solution using vacuum filtration,
and then dissolved in DMSO (500 mL) before addition of 114 g (803 mmol) of
iodomethane. The mixture was heated to 90°C for 15 hours, and the polymer
precipitated in 1.5 L of stirring water. The resulting brown solid was vacuum filtered and
residual DMSO was removed using Soxhlet purification with acetone for 24 hours. Yield:
8 g (80%) (12.8 mmol).)

'H NMR (500 Hz, DMSO-d;, 6, ppm): 8.84-8.26 (10H, aromatic protons, Hag),
4.23, 4.15 (11.89H, methyl protons Hg p).
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2.6.2. Instrumentation
2.6.2.1. Nuclear Magnetic Resonance (NMR)

'H NMR spectra were obtained using a Varian Unity Spectrometer operating at
400 MHz. The polymers were dissolved in DMSO-d¢ at a concentration of approximately
30 mgmL™.

2.6.2.2. Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transform infrared spectroscopy (FTIR) was performed on a Bomem
FTLA2000-154 FTIR system. Polymer films were drop-cast from a dilute DMSO solution

onto a glass slide and dried under vacuum at 80 °C for 2 h prior to experiments.

2.6.2.3. Thermal Gravimetric Analysis (TGA)

TGA data were obtained using a TGA-50 Shimadzu Thermogravimetric analyzer.
Each run was performed under nitrogen gas at a heating rate of 10°C/minute with a

sample size between 10-20 mg.

2.6.3. Characterization Procedures
2.6.3.1. Preparation of P(DMBI)-I Membranes.

Membranes of P(DMBI)-I" were cast from 0.02 g mL™ DMSO solutions onto flat

Petri dishes, heated to 80°C overnight in air and dried under vacuum at 50°C for 2 h.

2.6.3.2. Preparation of P(DMBI)-X" Membranes through lon Exchange

lon exchange was done through immersion of P(DMBI)-I" membranes in 1 M
solutions containing the potassium salt of the desired anion for 24 hours (e.g. to get the
chloride form, the membrane was soaked in 1 M KClq). For consistency, the initial
P(DMBI)-I" was also soaked in a 1 M Klq solution even though it was already in the
iodide form. After conversion, membranes were washed repeatedly with deionized water

to remove any remaining salt solution.

2.6.3.3. Anion Conductivity Measurements

Conductivity data were obtained using AC impedance spectroscopy with a

Solartron 1260 frequency response analyzer. Membranes were cut to dimensions of
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approximately 0.5 cm x 1.5 cm and then soaked in deionized water overnight prior to
experimental measurements. These were laid across two platinum electrodes (0.5 x
1cm) set 0.5 cm apart that were adhered to a PTFE block. Another block was placed on
top and the assembly held together by clips during the measurement period. Both blocks
had rectangular holes on top and bottom so that membranes could remain hydrated. The
membranes’ dimensions were measured using a calliper (length and width, £ 0.1 mm)

and a micrometer (thickness, + 0.001 mm).

Figure 2.11: A schematic diagram of the assembly used for impedance
measurements. The gray section represents the membrane.*

Two wired alligator clips were used to connect the PTFE apparatus with the
frequency response analyzer. A 100 mV sinusoidal AC voltage was then applied
between the two platinum electrodes between the frequencies of 10 MHz — 100 Hz and
then the AC resistance, i.e. the impedance, was measured. Measurements were
collected several times over twenty minutes or until a constant ionic resistance was
obtained, and then measured in triplicate. Data was analyzed using ZPlot software from

Scribner.

The ionic resistance, R, was calculated from the impedance data and fitted to an

equivalent standard Randles circuit model using non-linear least squares regression.

The anion conductivity, ox- was then calculated from the resistance using Equation 3

below:
L
Ox~ = R a 3)
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where L is the distance length between the platinum electrodes and A is the

cross-sectional area of the membrane (width x height).

Conductivity measurements performed with different relative humidity and

temperature values were regulated using an Espec humidity chamber.

2.6.3.4. lon Exchange Capacity (IEC) measurements

IEC measurements were obtained by immersing the membranes overnightin a 1
M NaNOj3,q solution to release the X anion, and then titrating the solution with 0.1 M
AgNO35q) Using 10% K,CrOynq as an indicator. The IEC was calculated as follows:
moles of X~

IEC =
mass of dry membrane

2.6.3.5. Volume and Water Uptake Measurements

These measurements were achieved by first weighing and measuring the dry
membranes, then immersing them in the desired solvent for 24 hours. The wet
membranes were placed between two glass slides when measuring their area in order to
prevent them from drying out during the measurement time. Their wet masses were
determined by quickly blotting them with Kim Wipes to remove surface water and then

weighing them.
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3. Mesitylene-Poly(dimethylbenzimidazolium) -
A Novel Anion Exchange Membrane

The majority of this section is reprinted from:

Owen D. Thomas, Kristen J. W. Y. Soo, Timothy J. Peckham, Mahesh P. Kulkarni,
Steven Holdcroft, A Stable Hydroxide-Conducting Polymer. Journal of the American
Chemical Society, 2012, 134(26), 10753-10756.

3.1. Contributions

Owen Thomas synthesized the mesitylene dicarboxylic acid. Owen Thomas and Mahesh
Kulkarni synthesized Mes-PBI. | synthesized Mes-P(DMBI)-I" with their help. | cast all the
membranes, performed all NMR analyses, anion exchange conversions, and
conductivity measurements. | edited all drafts of the manuscript. Graeme Suppes did the
computational modelling calculations. Dev Sharma did all of the TGA measurements. Dr.

Khalid Fatih performed the fuel cell experiments.

All of the contents of this chapter were reported in the paper except for the following:
Section 3.4.2 up until and including Table 3; Table 4, Figure 3.17, Figure 3.19, Table 6,
and Figures 3.20 — 3.23 and all observations and discussion associated with the

aforementioned tables and figures in Section 3.4.3.

3.2. Introduction to Blend Membranes

PBIs have been used in the cross-linking of PEMs to make blend membranes, as
they confer mechanical and thermal stability to high-IEC polymers that swell greatly in
water. In doing so, though, they also decrease the IEC of the resulting membrane, owing

to the formation of ionic cross-links between the basic nitrogen on PBI and the acidic
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proton on the PEM. This has the effect of decreasing the blend membranes’
conductivity, as the IEC is lowered, and so efforts have been made to find optimal ratios
between PBI and the PEM for a high-performance membrane,” “®Interestingly enough,
PBI has not been used in this manner to crosslink anion-exchange membranes, and so

this section of the thesis describes our pioneering work in this area.

As briefly described in Section 2.4.3, it was found that the P(DMBI)-OH
membrane was not mechanically stable. Stability tests on small molecule analogues of
the polymer were done by Owen Thomas, which showed that the polymer was likely
degrading due to imidazole ring opening by nucleophilic hydroxide attack, as shown in
Figure 3.1. It was also found that a small molecule analogue possessing propyl groups
on the nitrogen atoms instead of methyl groups was stable over many hours, and did not
display hydroxide attack. Synthesis of the analogous polymer proved unsuccessful, but
based on these results, it was inferred that the presence of bulkier groups around the
positively charged imidazolium carbon would protect it from being attacked by the

hydroxide ion, thus allowing it to be a hydroxide conductor.”’

/ 4 A
(O}~ 100 = 0L

Figure 3.1: Hydroxide attack on the small molecule analogue of P(DMBI)-OH",
showing Hofmann elimination at the C2 carbon.

With this knowledge, another modified form of P(DMBI)-I" was proposed as a stable,
hydroxide-conducting polymer. This modified form, shown below in Figure 3.2, is called
mesitylene-P(DMBI)-I", hereafter known as Mes-P(DMBI)-I'. Instead of adding the bulkier
groups to the imidazolium ring, three methyl groups were added to the phenyl ring in the
polymer, making it a mesitylene group. Computational calculations predicted that there
would be ring twisting in Mes-P(DMBI)-I" that would allow for two of the mesitylene
methyl groups to sit above and below the C2 carbon, thereby providing a means of
protection against hydroxide attack in Mes-P(DMBI)-OH". It was also predicted that the

C2 carbon would be exposed to hydroxide attack in P(DMBI)-I", as there were no bulky
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groups to protect it. The space-filling models of P(DMBI)-I" and Mes-P(DMBI)-I" as found
from those calculations are shown in Figure 3.3a and b, respectively.”® If this polymer
could be synthesized and found to be stable, it would represent the first known stable

hydroxide-conducting polymer.
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Figure 3.2:  The novel polymer Mes-P(DMBI)-I".
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Figure 3.3:  Space-filling models of (a) P(DMBI)-I- and (b) Mes-P(DMBI)-I-.

Synthesis of Mes-P(DMBI)-I" from a tetraamine and a mesitylene dicarboxylic
acid was successful, as described in Section 3.6.1.4, and tests on its bromide and
chloride forms were done as described in Section 3.4.3. However, this polymer was
found to dissolve upon addition to a hydroxide solution, and while this allowed for
stability tests through *H NMR spectroscopy, this solubility limits its application as an

anion exchange membrane.

A strategy of polymer blending was therefore developed to prevent dissolution
that utilized the ability of PBIs to be converted into cationic and anionic forms.
Membranes were prepared from blends of Mes-P(DMBI)-I" with controlled amounts of
the novel, neutral polymer, mesitylene-polybenzimidazole (Mes-PBI), whose structure is
shown in Figure 3.4. Immersing these blend membranes in a KOH, solution removed

the weakly acidic N-H protons in Mes-PBI, which rendered the ring negatively charged
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(Figure 3.4) and independently but simultaneously converted Mes-P(DMBI)-I" to Mes-
P(DMBI)-OH". The films were washed to remove excess KOHgq and then rendered
insoluble by virtue of the ionic interaction between the negatively charged

benzimidazolide and positively charged benzimidazolium rings.”

GoopY ookt Koot

N

+2KOH -2H,0
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Flgure 3.4: Scheme for the formation of blend membranes of Mes-PBI and Mes-
P(DMBI)-OH".

3.3. Materials Used

3.3.1. Mes-PBI

Mes-PBI is a novel polymer that was synthesized from the condensation of 3,3’-

diaminobenzidine and a mesitylene dicarboxylic acid. Its structure is shown below in

N N
weongs
N N n

Figure 3.5.  Structure of the polymer mesitylene-polybenzimidazole (Mes-PBI).

Figure 3.5.

3.3.2. Mes-P(DMBI)-X

Mes-P(DMBI)-X is also a novel polymer that was synthesized in the iodide form
through a two-step reaction in which Mes-PBI was delithiated and then alkylated with

methyl iodide. Its structure is shown below in Figure 3.6.

36



| |
N N

: ::@ ®;
~ T
|

Figure 3.6:  Structure of the polymer mesitylene-poly(dimethylbenzimidazolium)
(Mes-P(DMBI)-X).

3.3.3. Blends of Mes-PBI and Mes-P(DMBI)-OH"

Blends of Mes-PBI and Mes-P(DMBI)-OH" were synthesized by casting
membranes of controlled amounts of Mes-PBI and Mes-P(DMBI)-I" in DMSO, then
immersing the membranes in 0.5 M KOH,q to convert them to the hydroxide form and
also create ionic cross-links to ensure its insolubility in water. The general structure of a

blend membrane is shown below in Figure 3.7.
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Figure 3.7: General structure of a blend membrane of Mes-PBl and Mes-
P(DMBI)-OH".
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3.4. Results and Discussion

3.4.1. Polymer Synthesis and Basic Analysis

The dicarboxylic acid was produced following the scheme shown below in Figure
3.8.79%
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Figure 3.8: Scheme showing the synthesis of the mesitylene dicarboxylic acid
monomer.

Mes-PBI was produced using the same synthesis scheme as Iwakura et al,*

except using the mesitylene dicarboxylic acid shown above.

Mes-P(DMBI)-I" was produced following the synthesis scheme outlined by Hu et

al. for P(DMBI)-I', but using Mes-PBlI as the starting polymer instead.*

The *H NMR spectra of Mes-PBI and Mes-P(DMBI)-I" are shown below in Figures
3.9 and 3.10, respectively. For Mes-PBlI, there are three singlets at 7.97, 7.76 and 7.25
ppm and a multiplet at 7.25 ppm. Their relative integrations add to 7.4, which is close to
the theoretical number of 7 aromatic protons. There is also a multiplet at 12.71 ppm that
has a relative integration of 2.00. Lastly, the two singlets at 2.18 and 1.92 ppm integrate
to relative intensities of 6.19 and 3.15 for a total of 9.34 protons where 9 are expected.
This gives reasonable evidence that this polymer was synthesized successfully, and the
only other peaks that are present are solvent peaks (H,O at 3.35 ppm and DMSO at
2.51 ppm).
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Figure 3.9: 'H NMR spectrum of Mes-PBI.
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Figure 3.10: 'H NMR spectrum of Mes-P(DMBI)-I".

The *H NMR spectrum of Mes-P(DMBI)-I" shows three singlets in the aromatic
region at 8.81, 8.41 and 7.82 ppm, which integrate to 2, 4 and 1 protons respectively.
These three peaks correspond to the seven protons that are attached to the three
benzene groups in the polymer backbone. This is one less singlet than the P(DMBI)-I’
polymer, which is due to the replacement of protons by methyl groups on the benzene
ring. In the alkyl region of the NMR spectrum, there are four singlets (excluding solvent
peaks) at 4.13, 4.06, 2.30, and 2.00 ppm. The two singlets at 4.13 and 4.06 ppm

integrate together to 12 protons, and these are the methyl protons attached to the
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nitrogen atoms on the imidazolium group. This assignment was made based on the fact
that these singlets appear at nearly identical chemical shift values in the P(DMBI)-I
spectrum. The other two singlets integrate to 6 and 3 protons respectively, which are the
nine methyl protons attached to the phenyl ring. The fact that the proton integration
values and chemical shifts have the expected values confirm that the product is the
desired polymer, and the lack of other peaks apart from water (3.35 ppm) and DMSO
(2.50 ppm) confirms its purity.

3.4.2. Mes-P(DMBI)-X Properties

Mes-P(DMBI)-I" polymer was found to swell much more than P(DMBI)-I" in water,
which is likely due to the fact that the polymer chains are now unable to pack together as
tightly due to the extra methyl groups on the benzene ring in the polymer backbone. This
high swelling is also a likely contributor to its relatively high conductivity when wet, as

this allows for more water molecules to solvate the anions and allow them to conduct.

Mes-P(DMBI)-I" was converted to the bromide and chloride forms using ion
exchange as described in Section 2.4.3, and the membranes swelled noticeably and
became very thin, and then broke apart when washed gently with water. The membrane
pieces were then dried overnight and re-cast in DMSO for analysis. The chloride
membrane swelled so much that it broke apart as soon as it was taken out of water, and
repeated experiments confirmed its mechanical instability, so no water uptake or
conductivity measurements could be obtained. A full water uptake comparison can be
seen in Table 3, where it is evident that the addition of the mesitylene group caused all
of the Mes-P(DMBI)-X polymers to swell more, likely due to the increase in free volume
in the polymer. The conductivity values, as seen in Table 4, are also higher for the Mes-
P(DMBI)-X polymers, which is likely due to an increase in anion mobility from the higher

water content.
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Table 3: Water uptake comparison of P(DMBI)-X" and Mes-P(DMBI)-X".

Polymer Water Uptake (%)
P(DMBI)-I 10+ 2
Mes-P(DMBI)-I 152 + 8
P(DMBI)-Br 12+1
Mes-P(DMBI)-Br 82+6
P(DMBI)-CI 1920 + 80
Mes-P(DMBI)-CI n/a
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Table 4: Wet conductivity comparison of P(DMBI)-X" and Mes-P(DMBI)-X".

Polymer Conductivity (mS cm™)
P(DMBI)-I 3.3+0.4
Mes-P(DMBI)-I 6+0.3
P(DMBI)-Br 3.2+0.4
Mes-P(DMBI)-Br 9.9+ 0.4
P(DMBI)-CI 76+1.1

TGA measurements were performed on Mes-P(DMBI)-I', Mes-P(DMBI)-Br’, Mes-
P(DMBI)-CI', and Mes-P(DMBI)-OH", and these curves are shown in Figure 3.11. Mes-
P(DMBI)-I" loses ~10% of its mass up to 110°C, and is then stable until 232°C, where it
loses ~18% of its mass up to 326°C and then decomposes past 414°C. Mes-P(DMBI)-
Br lost ~5% of its mass before 55°C and then remained stable until 163°C, where it lost
40% of its mass up to 346°C and then remains stable until it begins to decompose at
540°C. Mes-P(DMBI)-CI loses 6% of its mass before 71°C, then remains stable until
159°C where it then loses 35% of its mass up to 375°C and then remains stable until it
begins to decompose at 506°C. Mes-P(DMBI)-OH" lost 14% of its mass by 85°C and
was stable up to 200°C, where it then lost 5% of its mass by 337°C and then another

20% of its mass by 398°C. It decomposed past this temperature.

Overall, it can be seen that the Mes-P(DMBI)-X display similar TGA curves to
their corresponding P(DMBI)-X" polymers, in that they show one major decomposition
past 100°C and then gradually decompose. The Mes-P(DMBI)-X polymers all begin to
decompose at a lower temperature than the analogous P(DMBI)-X" polymer, with the
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exception of the iodide form. Also, none of them seem to decompose through the loss of
the methyl halide (or methanol in the case of the hydroxide form), which suggests that
they undergo a different decomposition mechanism than their non-mesitylene
analogues. It is possible that some sort of other compounds with the halide/hydroxide
anion may be forming, and at higher temperatures, it is expected that they would show
similar decomposition products to their P(DMBI)-X" analogues (i.e. ammonia, hydrogen
cyanide, nitrogen, and condensed heterocyclic species;***® however, as stated in
Section 2.4.3, determining the exact nature of these products was not the focus of this
thesis, as the purpose of the TGA experiments was to determine the thermal stability of

these compounds.

The TGA results are summarized in Table 5.

100 7 —Mes-P(DMBI}-I"

—Mes-P(DMBI)-Br
—Mes-P(DMBI)-CI
—Mes-P(DMBI)-OH"
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Figure 3.11: TGA plots for Mes-P(DMBI)-I" (blue curve), Mes-P(DMBI)-Br  (red
curve), Mes-P(DMBI)-CI" (green curve) and Mes-P(DMBI)-OH" (black
curve)
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Table 5: Table summarizing the TGA data for P(DMBI)-X" and Mes-P(DMBI)-X".

Polymer Highest Stable Temperature (°C)

P(DMBI)-I 160
Mes-P(DMBI)-I 232
P(DMBI)-Br 216
Mes-P(DMBI)-Br 163
P(DMBI)-CI 212
Mes-P(DMBI)-CI 159
Mes-P(DMBI)-OH" 200

A film of Mes-P(DMBI)-I" was found to dissolve in 0.1 M KOH,q. Upon dialysis
and removal of water by rotary evaporation, a thin yellow-brown film of Mes-P(DMBI)-
OH" was formed. Conductivity values for this membrane in both the iodide and hydroxide
forms at room temperature and non-humidified air are shown in Table 6, and they were

found to be nearly identical within equipment and experimental error.

Table 6: Dry conductivity values of Mes-P(DMBI)-I" and Mes-P(DMBI)-OH".
Polymer Conductivity (mS cm™)
Mes-P(DMBI)-I 0.3+0.2
Mes-P(DMBI)-OH" 04+0.2
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In order to investigate the stability of Mes-P(DMBI)-OH" over time, this polymer
was dissolved in a solution of 0.5 M KOH,y in D,O and 'H NMR measurements were

taken over thirty days at room temperature, as shown in Figure 3.12.
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Figure 3.12: 'H NMR spectra of Mes-P(DMBI)-OH over 30 days at room
temperature in 0.5 M KOH,q).

This NMR experiment was repeated using 2 M KOH, and heating the solution
to 60°C over a period of 10 days in order to see if the elevated temperature would affect
the polymer’s stability. The resulting spectra are shown in Figure 3.13. It was found that
deuterium exchange affected the peak height of some of the signals. This exchange is
common under prolonged exposure to deuterated solvents particularly in the presence of

base 81-82

as is the case in this study. The peak integrals lost due to deuterium exchange
are peaks B, C, F and H. The stability of the polymer was ascertained by integrating the
peaks not prone to deuterium exchange (i.e., peaks G, A, E and D) at the end of 10
days, and they were found to maintain the same ratios as the starting polymer. In
addition, no new peaks were formed over the time period of this experiment, so the

stability of the polymer is unmistakable.
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Figure 3.13: 'H NMR spectra of Mes-P(DMBI)-OH- over 10 days at 60°C in 2 M
KOHaq)-

The dissolution of Mes-P(DMBI)-OH" polymer in KOH,q prevented it from being
tested for use as an anion exchange membrane, and so Section 3.4.4 details work that

was done to mechanically stabilize this polymer in aqueous solution.

3.4.3. Blend Membrane Properties

Blend membranes of controlled amounts of Mes-PBI and Mes-P(DMBI)-OH" were
synthesized to investigate whether or not the presence of Mes-PBI would mechanically
stabilize Mes-P(DMBI)-OH" in water. A full series of blend membranes were made with
theoretical IEC values (in the hydroxide form) of 2.5, 2.0, 1.5 and 1.0.

Blend membranes were made by mixing the appropriate amounts of DMSO
solutions of Mes-PBI and Mes-P(DMBI)-I" together, then casting films and immersing
them in KOH,q to convert them to the hydroxide form. Representative calculations for

this can be found in the appendix. The titrated IEC values obtained were 98% of the
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expected values, which means that the ion exchange from the iodide form to the

hydroxide form is very effective.

The water uptake and wet conductivity values for the blends in the iodide and
hydroxide forms are shown in Tables 7 and 8, respectively, as well as their A values. The
errors in the table represent equipment error. The experimental values measured by
back-titration matched the theoretical values calculated. For both blend series, the A
values increased with increasing IEC, and the conductivity was found to mostly scale
with increasing IEC. The blend membrane in the iodide form with an IEC of 2.59 was
found to have broken apart some time during the conductivity measurements, which is
likely why the conductivity measurement was so low. This is likely due to swelling. For
the blend membranes in the hydroxide form, it was a bit surprising to see that the
conductivity with an IEC of 2.0 was lower than that for 1.5, especially given the higher A
value, but it is likely that the high water uptake caused the anion concentration to be
diluted, thus somewhat negating the higher IEC and accounting for the lower

conductivity value.

Table 7: Properties of blends of Mes-PBI and Mes-P(DMBI)-I".
Blend IEC (I") Mass Uptake of A Conductivity (mS cm™)
Water (%)
2.23 18+5 4 3.59 £ 0.09
2.35 44+ 6 10 5.99 + 0.06
2.47 51+5 12 7.37 £ 0.06
2.59 112+8 24 0.58 +0.09
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Table 8: Properties of blends of Mes-PBIl and Mes-P(DMBI)-OH".

Blend IEC (OH) Mass Uptake of Water (%) A Conductivity
(mS/cm)
1.0 825 23 9.6+0.1
15 1194 33 10.1+0.1
2.0 162+ 9 45 13.2+0.1

All of the blend polymers were found to have a lower water uptake in the iodide
form than Mes-P(DMBI)-I", which is undoubtedly due to the mechanical stability afforded
to them by Mes-PBI. The hydroxide polymers also have a generally higher water uptake
than the iodide membranes, which likely contributes to their conductivities also being
higher. The increased water content likely allows for easier ion solvation and transport

through the membrane.

The hydroxide stability of the blend membranes over time at room temperature
was measured by performing conductivity measurements each day for ten days straight
in a fully humidified environment, as seen below in Figure 3.14, and it was found that
their conductivity values did not change by more than 15% over the experimental time
period, indicating relative stability. The conductivity values are lower than those reported
in Table 6 because a newer, more accurate conductivity apparatus was used to measure
them, as described in Section 3.6.3.1.
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Figure 3.14: Hydroxide conductivity of the blend membranes over time at room
temperature in fully humidified air.

The hydroxide stability of these blends was examined by monitoring the change
in IEC over time for membranes soaked in 2 M KOH ) at 60 °C. The membranes with
an IEC of 1.5 were stable to within 5% of the original value after 13 days, as seen in
Figure 3.15.
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Figure 3.15: Change in IEC over time for blend membrane soaked in 2 M KOH 4
at 60°C over 13 days.

The chemical stability and reversibility of the ionic cross-linking was also tested
by immersing the membranes in 2 M HClq to convert them to the chloride form, and
then an attempt was made to dissolve them in DMSO. The membranes were found to be

sparingly soluble in DMSO, indicating that the cross-linking is only marginally reversible.

The conductivity range of the blend membranes was between 9-13 mS cm™.
This is in keeping with typical anion conductivities in hydrated membranes found in the

literature, such as quaternary ammonium-substituted poly(aryl ether sulfone),®® Nafion-

%8 and ionic-liquid-derived membranes,®®° but

|86

based anion-exchange membranes,
lower than those of the poly(phenylene)- based polymers described by Hibbs et al.® It is
noted that the conductivity decreased with increasing IEC, which is common for
membranes with high ion content, where excessive swelling and subsequent ion dilution

lowers the conductivity.®’

Two blend membranes that have an IEC of 1.5 in the hydroxide form were
synthesized for fuel cell testing at NRC. The membranes were measured and found to
be relatively uniform, at 40 and 55 um thick, respectively. Small samples of these
membranes in the hydroxide form were tested for stability for a week in a solution that
was nearly identical to the fuel solution at NRC, and found to be stable. Preliminary fuel

cell testing results are very promising, with very good performance results. When
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compared to polymers under similar conditions, as shown below in Table 9, it
outperformed most similar polymers in maximum current density and had a comparable
maximum power density, despite having the lowest maximum OCYV. This shows that it is

a promising candidate for use in AEMFCs.

Table 9: Fuel cell test comparisons of the blend membrane to other
polymers.
Polymer Anode Cathode Fuel Temperature | Maximum | Corresponding Max OCV
Solution Power Current
Catalyst Catalyst (°C) Density Density V)
(mW/cm?) (mA/cm?)
Mes-PBI and PVC; 30% Pt Acta Hypermec 2 M EtOH/2 60 15 8 0.55
M KOH
Mes-P(DMBI)-OH 2 mg/em? loading | 1 mg/cm? loading
Blend
Quaternary Cr-Ni nanoparticles Silver Not specified 60 05 1 0.92
ammonium 5mg/cm? loading | 1 mg/cm? loading
sulphone
Hydroxide-doped 45% PtRWC 40% MnOZC 2 M EtOH/2 60 30 9 09
M KOH
meta-PBI
40% Pd/C 40% MnO4/C 2 M EtOH/2 60 16 0.9 0.6
M KOH

TGA graphs have been measured for the blends in both the iodide and hydroxide
forms, for all IECs. The iodide form of the blend membrane with an IEC of 1.0, shown in
Figure 3.16 (black curve), lost 7% of its mass up to 154°C, and then went through 3
decomposition stages, one between 154 — 267°C (12% mass loss), one between 267 —
318°C (4% mass loss) and one between 318 — 388°C (8% mass loss) before
decomposing. The hydroxide form of the blend membrane with an IEC of 1.0, also

shown in Figure 3.20 (red curve), lost 7% of its mass up to 154°C, and then it gradually
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lost another 8% of its mass up to 335°C. It lost another 5% between 335 — 459°C, and

then gradually decomposed.
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Figure 3.16: TGA plot for the blend membrane with an IEC of 1.0 in the iodide and
hydroxide forms.

The iodide form of the blend membrane with an IEC of 1.5, shown in Figure 3.17
(black curve), lost 6% of its mass by 75°C, then remained at a constant mass until it
went through 3 decomposition stages: one between 155 — 278°C (18% mass loss), one
between 278 — 320°C (3% mass loss), and one between 320 — 400°C (8% mass loss).
After that, it steadily decomposed. The hydroxide form of the blend membrane with an
IEC of 1.5, also shown in Figure 3.21 (red curve), lost 11% of its mass by 78°C, and then
lost another 4% of its mass between 78 — 158°C. It then gradually lost another 2% of its
mass between 158 — 349°C, then another 3% of its mass between 349 — 415°C. There
was one noticeable decomposition stage with a loss of 3% mass between 415 — 504°C,

and after that temperature, the membrane decomposed.
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Figure 3.17: TGA plot for the blend membrane with an IEC of 1.5in the iodide and
hydroxide forms.

The iodide form of the blend membrane with an IEC of 2.0, shown in Figure 3.18
(black curve), lost 5% of its mass by 75°C and then remained steady until it underwent 2
decomposition stages, one between 157 — 331°C (20% mass loss) and one between
331 — 367°C (7% mass loss) before decomposing. The hydroxide form of the blend
membrane with an IEC of 2.0, also shown in Figure 3.22 (red curve), lost 11% of its
mass by 71°C, then remained steady until 337°C, where it then went through two
decomposition stages, one between 337 — 418°C (4% mass loss) and one between 418

—500°C (2% mass loss), then it decomposed.
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Figure 3.18: TGA plot for the blend membrane with an IEC of 2.0 in the iodide and
hydroxide forms.

The iodide form of the blend membrane with an IEC of 2.5, shown in Figure 3.19
(black curve), lost 6% of its mass by 81°C, then had another 2% mass loss by 179°C. It
then underwent 2 decomposition stages, one from 179 — 358°C (22% mass loss) and
one between 358 — 500°C (14% mass loss) before decomposing. The hydroxide form of
the blend membrane with an IEC of 2.5, also shown in Figure 3.23 (red curve), lost 9%
of its mass by 71°C, then remained steady until 357°C, where it then went through two
decomposition stages, one between 357 — 405°C (4% mass loss) and one between 405

—509°C (5% mass loss), then it decomposed.
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Figure 3.19: TGA plot for the blend membrane with an IEC of 2.5 in the iodide and
hydroxide forms.

Overall, the blends were found to have the same decomposition pattern for the
same anion, which is unsurprising given the small range of IEC values studied. The
iodide blends showed marked decomposition after ~200°C, while the hydroxide
membranes do not show a defined decomposition phase after ~100°C, unlike the
analogous P(DMBI)-X" membranes. This seems to suggest that the blend membranes

are less stable in the hydroxide form than the iodide form.

3.5. Conclusions and Future Work

The novel polybenzimidazole Mes-P(DMBI)-X was successfully synthesized and
found to have higher wet ionic conductivities than their corresponding P(DMBI)-X" forms,
which is likely due to the significantly higher water content. Like P(DMBI)-X, their
properties were also anion-dependent. Of particular note is that Mes-P(DMBI)-OH" was
found to be water-soluble, but stable in elevated temperatures (60°C) and basic media
(2 M KOH ag))-
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Blend membranes of PBI and Mes-P(DMBI)-OH" were stable and conductive in
the hydroxide form, representing the first known stable benzimidazolium hydroxide-
conducting polymer. The membranes had good water uptake and decent conductivity,
and the membrane with an IEC of 1.5 was found to be stable for 2 weeks at 60°C in 2 M

KOH(q). This blend membrane also showed very promising fuel cell results.

Future work in regard to the blend membranes would involve their optimization to
give the best mechanical stability and the best conductivity. Blend membranes using PBI
instead of Mes-PBI could also be tried to see if the removal of the group has any effect
on stability or conductivity. More rigorous fuel cell testing should also be performed on
these membranes so that they can be compared to state-of-the-art existing AEMs to
determine their viability in fuel cells. Lastly, the use of other alkyl groups on P(DMBI)-X
could also be employed to stabilize the C2 carbon, preventing hydroxide attack and

allowing for hydroxide conductivity.

3.6. Experimental

3.6.1.  Synthesis
3.6.1.1. Materials
All materials were obtained from Sigma-Aldrich and used as-is unless otherwise
stated. Bis(chloromethyl)mesitylene was purchased from Alfa Aesar Canada.
3.6.1.2.  Synthesis of 2,4,6-trimethylisophthalic acid monomer

The synthesis of the 2,4,6-trimethylisophthalic acid monomer was performed

according to modified literature procedures, shown in Figure 3.20.7"79%°

56



CH;E00Ag" P/\;g KOHEOH
6} o o

Y

Ct Cl
KO0
——
HaS04 HO OH
OH CH o] O

Figure 3.20: Scheme for the synthesis of 2,4,6-trimethylisophthalic acid.

10.0 g (46 mmol) of bis-(chloromethyl)-mesitylene was dissolved in 200 mL
acetic acid and added to a suspension of 20.0 g silver acetate in 200 mL acetic acid in a
1 L round bottom flask. This solution was refluxed while stirring over 2 hours, then the
solid was filtered away and the filtrate added to a beaker of ice. A white precipitate
formed which was collected and dried (11.6 g, 95% yield). This was confirmed by IR and
NMR to be bis-(acetomethyl)-mesitylene.

10.0 g (38 mmol) of bis-(acetomethyl)-mesitylene was then dissolved in 400 mL
of a solution of 15% KOH in ethanol. This solution was refluxed while stirring over 2
hours, then the ethanol was removed under vacuum to yield a pale yellow solid. This
solid was washed with water to remove KOH and a pale yellow powder was left behind.
This was recrystallized from hot 1,4-dioxane and 5.1 g (75% yield) of needle-like white
crystals were obtained. IR and NMR confirmed that it was bis-(hydroxymethyl)-

mesitylene.”

5.0 g (28 mmol) bis-(hydroxymethyl)-mesitylene was suspended in 250 mL of
acetone and stirred while Jones reagent (30 g K,Cr,0O;, 70 mL H,O and 25 mL
concentrated H,SO,,q) was slowly added at 4°C. The solution was then allowed to
warm to room temperature and remained there for one hour before being heated to 40°C
for 2 hours. The acetone was removed under vacuum, and a green slurry remained.
This was filtered and thoroughly washed with 10% H,SO.uq, and a pale yellow sold
remained. This solid was dissolved in 2 M KOH), then activated carbon powder was

added and the mixture was boiled for 30 minutes. This was filtered to remove carbon

57



and the filtrate was then neutralized with HCI. At low pH (< 1), a colourless solid
precipitated and was filtered. This was recrystallized in acetonitrile and 4.9 g (85% yield)

of short colourless crystals were recovered.

3.6.1.3. Synthesis of Mes-PBlI

1.54 g (7.18 mmol) of purified 3,3’-diaminobenzidine and 60 g of polyphosphoric
acid were added to a 200 mL three-necked round bottom flask fitted with an overhead
stirrer, an argon inlet and a CacCl, drying tube. The flask was heated to 150°C and the
solution stirred until the solid dissolved. 1.4965 g (7.18 mmol) of 2,4,6-
trimethylisophthalic acid was then added and the temperature increased to 180°C for 4
hours. The temperature was then increased to 220°C for 48 hours and the solution was
then poured into water to precipitate the polymer. The red solid that formed was washed
thoroughly with water and a solution of K,COg, to remove residual acid, and then

ground into a powder which weighed 2.49 g (99% yield).*

3.6.1.4. Mes-P(DMBI)-I' Synthesis

A typical scheme is shown below. 1.0 g (2.85 mmol) of Mes-PBI was dissolved in
60 mL dry DMSO at 100°C in a two-necked round bottom flask fitted with a condenser
under argon. The solution was cooled to 40°C and LiH (9 mmol, 50% excess to N-H
groups in polymer) was then added. The solution temperature was raised to 70°C and
stirred overnight. The solution was cooled to room temperature and CHs;l (0.9 mL, 2.0 g,
10 mmol) was added. The flask was heated to 70°C for 4 hours and then a second
equivalent of CH;l (0.9 mL, 2.0 g, 10 mmol) was added. The reaction was stirred for 14
hours and then precipitated into water. The red solid was washed with water, then

collected and dried under vacuum at 50°C (1.7 g, 89% yield).

3.6.2.  Experimental Instrumentation

3.6.2.1. Nuclear Magnetic Resonance (NMR)

'H NMR spectra were obtained using a 400 MHz Varian Unity Spectrometer. The

polymers were dissolved in DMSO-d; at a concentration of ~30 mg mL™.
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3.6.2.2.  Thermal Gravimetric Analysis

TGA data were obtained using a TGA-50 Shimadzu Thermogravimetric analyzer.
Each run was performed under nitrogen gas at a heating rate of 10°C/minute with a

sample size between 20-50 mg.

3.6.2.3. Molecular Modelling

Geometry optimisations were performed with Gaussian 09 (Revision A.02)

software, using B3LYP and the 6-31g* basis set on all atoms.

3.6.3. Characterization Procedures

Unless otherwise stated, all characterization procedures that were done on Mes-
P(DMBI)-X and P(DMBI)-X* were done in the same manner as those described in
Section 2.6.3.

3.6.3.1. Anion Conductivity Measurements

The new conductivity apparatus was acquired from the Automotive Fuel Cell
Corporation in Vancouver, BC, and is shown below in Figure 3.21. It is similar to the
apparatus described in Figure 2.11, except that instead of using small squares of
platinum for the electrode, four platinum wire electrodes run across the length of the
bottom block, across which the membrane is laid. Since there are four electrodes,
membranes can be cut to a smaller or larger size for measurement. The top block is
screwed onto the bottom one, sandwiching the membrane in between. Each block has
small holes so that the membrane can keep hydrated. The wires are attached to the
apparatus using alligator clips, which clip onto the gold screws at the top that correspond

to the electrodes being used.

59



Figure 3.21: The new conductivity apparatus used for some measurements i

Section 3.4.3.
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Calculation of Masses of Starting Material Needed

For all blend membranes, the target mass was 0.200 g in the hydroxide form.

moles of anion

[EC = ( )X 1000

mass of one polymer repeat unit

The IECs of the polymers are as follows:

M PBI = ( )X 1000 - 5 ; 1 m
es 35“.|84g ) eq/g
Me I (DMBI) I ( )X 1000 3 01 me
es ] ] X 4‘. meq/g

To obtain a blend membrane with a final IEC of 2.5 in the hydroxide form, the following

calculations were performed:
Blend membrane final IEC = x(IEC of Mes-P(DMBI)-OH") + (1 — x)(-IEC of Mes-PBI)

where x is equal to the percentage of Mes-P(DMBI)-OH by mass in the blend

membrane.

2.5 = X(4.52) + (1-X)(-5.71)

25=452x-5.71 + 5.71x

25+5.71 =4.52x + 5.71x

8.21 =10.23x

x =0.8025

For a membrane with a final mass of 0.200 g in the hydroxide form:

Mass of Mes-P(DMBI)-OH" = 0.8025(0.200 g) = 0.1605 g
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To calculate the corresponding mass of Mes-P(DMBI)-I', the moles of anion do not

change when converting from I- to OH-, therefore:
1 mol (Mes-P(DMBI)-OH") = 1 mol (Mes-P(DMBI)-I")

1 g (Mes-P(DMBI)-OH") = W‘Z/mol = 0.00226 mol

This is equivalent to the moles of (Mes-P(DMBI)-I"), so the equivalent mass is:
0.00226 mol (664.049 g/mol) = 1.50 g.

So if 0.40125 g Mes-P(DMBI)-OH" are needed, then (0.1605 g)(1.50) = 0.24075 g of
Mes-P(DMBI)-I" are needed.

The mass of Mes-PBI needed for this blend:

Mass (Mes-PBI) = (0.200 g)(1-0.8025) = 0.0395 g.
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Calculation of Blend IEC in the iodide form

For a blend with an IEC of 2.5 in the hydroxide form, it contains 0.0395 g Mes-
PBI and 0.2408 g Mes-P(DMBI)-I'), for a total mass of 0.2803 g in the iodide form. The
IEC of Mes-P(DMBI)-I") is 3.01, which is the only contributor to the IEC in the iodide form

as no cross-links are formed. So the IEC in the iodide form is:

_ 3.01 meq/gx0.2408¢g

IE
¢ 0.2803 g

= 2.59meq/g
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