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ABSTRACT

An alternative and new approach to making hydroxide exchange membranes (HEM’s)
for hydroxide exchange membrane fuel cells (HEMFC) via thiol-ene photo-
crosslinking polymerization is demonstrated. Specifically a novel difunctional vinyl
monomer, quaternary phosphonium bisphenyl allyl ether chloride (QPBPAE-CI), was
successfully synthesized in a simple and cost effective three-step process. This
synthesis protocol enables the interchangeability of the cationic functional group in the
last synthesis step to readily assess hydroxide conductivity differences. This novel
charged monomer was successfully photo-crosslinked in a ternary system consisting
of 1,6-hexanedithiol and 1,3,5-Tridlyl-1,3,5-triazine-2,4,6(1H,3H,5H)-trione
(TATATO, atrifunctional ‘ene’ for crosslinking) to form the HEM. While the formed
HEMs exhibit low hydroxide conductivity, they possess robust mechanical properties
and excellent alkaline stability in 1M KOH for 48 hrs. The hydroxide conductivity for
200 — 290 pm thick specimens was 1.4 and 2.6 mScm™ for a QPBPAE-Cl to
TATATO ratio of 1:1.5 and 1:2, respectively, and a stoichiometric balance of thiol
monomer. The swelling ratio of the HEM was 8.25% and 8.89% in water and the
measured tensile strength was 57.73 and 45.28 MPa for a QPBPAE-CI to TATATO

ratio of 1:1.5 and 1.2, respectively.

viii



Chapter 1
INTRODUCTION

Fuel cells have evolved into a promising and interesting alternative source of electric
power in the recent years. This electric power is generated from chemical energy when
afuel, such as hydrogen or methanol, is consumed. In general, a fuel cell consists of
anode and cathode layers separated by either an ion conducting electrolyte or
membrane. The membrane is the key component in afuel cell because of itsrole as an
ion carrier (ionic conductor) and a barrier for gas and electrons (electronic insulator).
The most widely used fuel cell is the proton exchange membrane fuel cell (PEMFC)
that uses Nafion®, (see Figure 1) a DuPont perfluorosulfonic acid polymer, as the ion

conductive polymer. 1,2, 3,

{CF,- CFQHCFQ CF—>

(o CF,- CF}O{CFZ}SOSH
¢F,

Figure 1: Chemical structure of Nafion®



Holistically Nafion® possesses all the ideal properties under operating conditions of
PEMFC (below 100°C), which include high ionic conductivity, good chemical
resistance and dimensional stability; however, the drawbacks to Nafion® are high fuel
crossover, high cost of operation (~$160kW™), environmental issues with
manufacturing, and the need for expensive precious metals as catalysts in the anode

and cathode. 1, 2, 3,4

Recent research has focused on another type of fuel cell, the hydroxide exchange

membrane fuel cell (HEMFC, see Figure 2 and Figure 3), as a potential replacement of

the PEMFC.
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Figure 2: Working principles of a hydrogen-based HEMFC



Anode reaction 2H, +40H —3 4H,0 + 4e
Cathode reaction 0, +2H,0 +4e° —> 40H
Overall cell reaction 2H, + 0, —> 2H,0

Figure 3: Chemical equations of aHEMFC

In a PEMFC, conditions are acidic and protons are transferred from the anode to the
cathode through a proton exchange membrane. Conversely, in a HEMFC conditions
are akaline and hydroxide ions are transferred from the cathode through a hydroxide
exchange membrane (HEM) to the anode. The akaline conditions in a HEMFC
enhance the chemical reactions at the electrodes and the flow of hydroxide ions
opposes fuel crossover. Therefore HEMFC has several advantages over PEMFCs,
such as rapid electrochemical kinetics on non-precious metal catalysts for a range of
fuels and low fuel crossover. ® To be a viable option, HEMs must meet performance,
durability and cost targets. To meet performance and durability targets, HEMs need
good mechanical, thermal and chemical stability in akaline conditions, high ion
conductivity (>100 x 10 Scm™), selectivity to prevent fuel and electron crossover yet
allow for free passage of ions. The charge on the membrane and degree of crosslinking
affect the mechanical properties of HEMs. A higher degree of crosslinking improves
mechanical strength while higher charge on the membrane reduces the mechanical
strength because it promotes swelling of the membrane. The nature of the cationic
group and polymer backbone determine the chemical stability of the membrane. The

cationic group and polymer backbone need to be stable in alkaline conditions, the



operating conditions of HEMs. An attack on the cationic group results in the reduction
of anionic exchange groups and therefore a decrease in the ion conductivity while an
attack on the polymer backbone results in the degradation of the membrane. The
cationic group used in the HEM s influences the ion conductivity because it determines
the concentration of charge and ionic mobility. Within the phosphonium cationic
group, tris(2,4,6-trimethoxyphenyl)phosphine> tris(2,6-dimethoxyphenyl)phosphine >
triphenylphosphine. To meet cost targets, the material and production costs should

allow for profitability. 2, *

Current routes of fabricating HEM materials typically add quaternary ammonium or
guaternary phosphonium functional groups to commercialy available high
performance engineering polymers (e.g., polysulfone) via a very highly reactive
nucleophilic substitution reaction between halogenomethyl (e.g., chloromethyl) group
and a tertiary amine or phosphine molecule® The chloromethylation of these
polymers often requires extended reaction times (multiple days) and harsh and
expensive chemicals (e.g., stannous chloride). °

In this research | propose using thiol-ene photo crosslinking polymerization as
an alternative approach to fabricating HEMs. Thiol-ene photopolymerization is a
reaction involving the addition of athiol function group to an alkene functional group
via a radical-mediated step-growth addition mechanism. The advantages of thiol-ene
photopolymerization are 1) spatial and tempora control over the progress of the

reaction, 2) a step-growth reaction mechanism that produces a homogeneous polymer



network, 3) the polymerization is not inhibited by oxygen, and 4) the availability of an
array of thiol and ene monomers enabling simple modification of membrane
properties.7, 8, 9, 10’ 11

The focus on the research presented herein will be on 1) the synthesis of a new
ionomer QPBPAE-CI, 2) photocrosslinking a ternary system of 1,6 hexanedithiol,
QPBPAECI and TATATO to create membranes, and 3) characterizing the mechanical

strength, dimensional stability (water uptake, swelling ration), hydroxide conductivity

and ion exchange capacity (IEC) of these membranes.



Chapter 2

EXPERIMENTAL

2.1 Materials
Bisphenol A (BPA), paraformaldehyde and 1,6-hexanedithiol were purchased
from Sigma Aldrich. Allyl bromide and triphenyl phosphine were purchased from
Tokyo Chemical Industry (TCI). TATATO was purchased from Acros Organics.
Potassium carbonate anhydrous, magnesium sulphate anhydrous, sodium
carbonate, acetone, dichloromethane, diethyl ether, 37% aqueous HCI and acetic
acid were al purchased from Fisher Scientific. IRGACURE 651 (I-651) was
kindly donated from BASF (formally Ciba Specialty Chemicals). Plain microscope
slides, precleaned (25 x 75 x 1.0 mm) from Fisher Scientific. Color coded shim 5”

x 20” (UPC No. 44155, Color: Pink, thickness: 0.381 mm) from Precision Brand.

2.2 Synthesisand Membrane Fabrication M ethodology
The photopolymerization of a mixture of multifunctional thiols and enes is a
simple, robust, and efficient method for rapid production of membranes with

excellent control over physical and mechanical properties. The monomers utilized



in this research are 1,6-hexanedithiol, 1,3,5-Trialyl-1,3,5-triazine-
2,4,6(1H,3H,5H)-trione (TATATO, a triene crossinker), and quaternary
phosphonium bisphenyl alyl ether chloride (QPBPAE-CI), a new diene cationic
monomer synthesized during this research (Figure 4). The QPBPAE-CI monomer
is synthesized following a three-step procedure: 1) formation of the diallyl ether of
Bisphenol A, 2) chloromethylation of the dialyl ether, and 3) addition of

triphenyl phosphine to form the cationic monomer (see Figure 5).

o] N_.O
P S
N N\/\\\\
/r \("3/ Chemical Formula: CgH 4S5
=4 Molecular Weight: 150.31

1.3,5-triallyl-1,3,5-triazinane-2.4,6-trione 1,6-hexanedithiol

Chemical Formula: C5H sN;04
Molecular Weight: 249.27

TATATO

((propane-2,2-diylbis(2-(allyloxy)-5,1-
phenylene))bis(methylene))bis(triphenylphosphonium)
Molecular Weight: 859.02

QPBPAE-CI- Synthesized Ionomer

Figure4: Ternary monomer system
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Molecular Weight: 228.29
Bisphenol A

4 4'-(propane-2,2-diyl)bis((allyloxy)benzene)
Chemical Formula: C31H340;
Molecular Weight: 308.41

Compound A (BPAE)
Acetic Acid HCI
60C
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Chemical Formula: Cy3H6C1,05
Molecular Weight: 405.36

Compound B (CMBPAE)

4 4'-(propane-2,2-diyl)bis(1-(allyloxy)-2-(chloromethyl)benzene) Molecular Weight: 262.29

Br

I

Molecular Weight: 120.98

(BPA) Allylbromide
Potassium
Carbonate | Acetone
60 C
. . H
“\/“xo O O OM HO[C:I-O]i-H
H In

Paraformaldehyde

triphenylphosphine anhydrous

acetone

((propane-2,2-diylbis(2-(allyloxy}-5,1-
phenylene))bis(methylene))bis(triphenylphosphonium)
Molecular Weight: 859.02

Compound C (QPBPAE-CI)

Figure5: Synthesis of QPBPAE-CI




The synthesis simplicity and the low cost of the monomers, makes this a particularly
attractive approach to HEM fabrication. In contrast to linear polymers, chemically
crosslinked polymer networks are, as a matter of definition, insoluble in all solvents.
Moreover, the degree of swelling is readily controlled by the amount of crosslinker
(i.e,, TATATO) incorporated into the monomer mixture. The monomers are readily
photopolymerized at room temperature using 3%wt IRGACURE 651(2,2-Dimethoxy-
1,2-diphenylethan-1-one), a UV active photoinitiator widely used in thiol-ene

reactions. 12

The original proof-of-concept experiments utilized a binary monomer system
containing a multifunctional thiol and ene, specifically Pentaerythritol tetra(3-
mercaptopropionate) (PETMP) and QPBPAE-CI. In this work, we demonstrated that
QPBPAE-CI is readily incorporated into athiol-ene polymerization. Additionally, we
showed that this radical-mediated reaction is not inhibited by the presence of a
platinum catalyst, which is important when considering this material for application in
the cathode and anode layers of the fuel cell. Unfortunately, it was discovered that the
membranes formed with this material were not stable in akaline medium, most likely
owing to base-catalyzed ester degradation of the PETMP backbone (see PETMP
structure in Figure 6). Based on this observation, a non-ester containing thiol

monomer was selected for the studies presented herein.
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Figure6: Structure of PETMP

X

2.2.1 Synthesisof BPAE, Compound A in Figure5

The synthesis procedure by Nair et a. was used in the synthesis of BPAE.
Specificaly, BPA (11.2 g, 0.05 mol) was reacted with allyl bromide (13.06 g, 0.11
mol) in the presence of potassium carbonate (20.34 g, 0.15 mol) in approximately 200
ml of acetone at 60°C for 20 hrs. The residue was dissolved in 300 ml of
dichloromethane and washed three times with 300 ml of 1 M dilute sodium carbonate
solution. After drying over anhydrous magnesium sulphate (Mg,SO,), the residue was
concentrated at reduced pressure until a colorless oil was obtained. It was
characterized by proton NMR confirming the structure.™® The yield of this synthesis

was 66%.

10
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Figure7: NMR spectra for BPAE

2.2.2 Synthesisof CMBPAE, Compound B in Figure5

The synthesis procedure by Jaballah et al. was followed when synthesizing
CMPBPAE. Specifically, BPAE (9.376 g, 0.03 mal), paraformaldehyde (7.296 g, 0.24
mol of CH,0), and 37% agueous HCI (25.92 ml, 0.31 mol) in 250 ml of acetic acid
was stirred at 60°C for 5 hrs. A combination of TLC and NMR was used to determine
the unknown synthesis time. The resultant mixture was poured in 300 ml of
dichloromethane and the organic layer washed three times with 300 ml of deionized
water and dried over anhydrous Mg,SO, and concentrated at reduced pressure until a
yellow oil was obtained. It was characterized by proton NMR confirming the

structure.** The yield of this synthesis was 73%.

11
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Figure 8: NMR spectrafor CMBPAE

2.2.3 Synthesisof QPBPAE-CI, Compound C in Figure5

The procedure outlined by Jaballah et a. was followed for the synthesis of
QPBPAECI. A solution of CMBPAE (8.918 g, 0.022 mol) and triphenyl phosphine
(12.694 g, 0.048 moal) in anhydrous acetone (150 mL) was stirred and heated at reflux
for 13 hours in an argon atmosphere. A combination of TLC and NMR was used to
determine the synthesis time. The reaction mixture was then cooled followed by
stirring to initialize the precipitation. The white precipitate was filtered off and washed
three times with 200 ml of diethyl ether and dried under vacuum overnight.** The

yield of this synthesis was 33%.

12
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Figure 9: NMR spectra for QPBPAE-CI

2.2.4 Membrane Fabrication and Hydroxide Exchange (Alkalization)
To fabricate the membrane, ternary systems of compositions in Table 1 were
mixed. For each composition, 0.6 g of QPBPAE-CI was used and dissolved using
dichloromethane. The ternary mixture was transferred to a microscope slide
prepared with a 0.381mm shim to provide an approximate thickness of 50 — 80
um. The slides were then exposed to UV light with a 365nm filter for 480 s at an
intensity of 50 W/cm?. The membranes were then placed in 1M KOH for 48 hours
for exchange of CI” with OH" (akalization). The membranes were then carefully
rinsed with deionized and placed in atightly sealed container containing deionized

water for at least 48 hours before any testing was done.

13



Table 1: Molecular Weights of Monomersin Ternary System

functional MW /functional
Monomer MW (g/mol)
groups (FG) | groups(g/mol)

QPBPAE-CI 859.02 2 429.51

TATATO 249.27 3 83.09

1,6- 75.155
hexanedithiol 150.31 2

Table 2: Composition of Ternary Mixture before Photo Crosslinking

Mass M ass of Mole Ratio
M ass M ass
1,6 651 QPBPAE-
Membrane | QPBPAE-CI | TATATO
hexanedithiol | initiator | Cl: TATATO

(g)/(mol) ©)
(@)/(mol) | (9)/(%)
1 0.6027/1 | 0.1734/15| 0.2591/25 |0.0322/3 115
2 0.6009/1 | 023302 | 032333 |0.0378/3 1:2

Example calculation of composition for membrane 1

MassgpppAE—Cl  _Required Molestataro  MWraTATO

MWE:PBPAE—CI Required Molesgppag—ci FGrararo
FGopprAE-CI

MassSpararo=F i ¥k ———————_ ... Equation 1

0.6027 1.5 24927
MasSrataTo= g5507 * FEg = 0.1748 g
2

14




In Equation 1 above, Massratato is the mass of TATATO required to achieve the
targeted mole ratio, Ma$QpoAE-C| is the mass of QPBPAE-C|, MWQPBPAE-CI is the

molecular weight of QPBPAE-CI, FGqerpar.c1 18 the number of functional groups

Required Molestarato

in QPBPAE-CI is the mole ratio of TATATO: QPBPAE-CI,

' Required Molesgppag—ci
MWrataTo IS the molecular weight of TATATO and FGrataTo IS the number of

functional groupsin TATATO.

_ Masspararo | Required Molesgithiot * MW girhiol

MaSSiiol = W Yo e R e e e e Equation 2

Required Molesparato  FGaithiol
FGraTATO

01734 2.5 15031

MasSiiriol = zzoz7 * o *—, = 0.2614 g
3

In Equation 2, Massgmio 15 the required mass of 1,6-hexanedithiol,

Required Molesgithiol - ; ithi i
CATTEE "2 Pdithiol jg the mole ratio of 1,6-hexanedithiol to TATATO, MWl iS
Required MolestataTo

the molecular weight of 1,6-hexanedithiol and FGimio iS the number of functional

groupsin 1,6-hexanedithiol.

Y651

Massgs; =(MasstBpAEﬂ + Massyararo + Massdt-thw!) * ( ) .....Equation 3

0,
Yo Monomers

Massss; = 0.6027 + 0.1734 + 0.2591) * (o) = 0.0320 g
In Equation 3, Massss; is the mass of 1-651 initiator, %gs; IS the mass percent of |-
651 indicator, and %monomers IS the percent weight of all the three monomers,

QPBPAE-CI, TATATO and 1,6-hexanedithiol.

15



2.3 Water Uptake and Swelling Ratio (Dimensional Stability)

The method outlined by Yan et al. and summarized below was used to measure the
water uptake and swelling ratio. > Membranes were prepared and kept in a tightly
sealed container containing deionized water for 10 hr to ensure full hydration. The
weights and dimensions of the wet membranes were measured. The membranes were
subsequently dried in an oven at 60°C for 48 h and weights and dimensions measured.
The water uptake and swelling ratio were then calculated using equations 1 and 2
respectively.

Wyper—W

Water uptake (%) = o 1Y % 100 crs vov v eee ere wveeee eee eee o one Equation 4
ry

In Equation 4 above, Wy and Wqyy are the weight of the wet and dry

membranes respectively.

) — zwet

i
L SN N Equation 5

Swelling ratio (%
za!]'"y

In Equation 5 above, lwe and lgy are average lengths of the wet and dry

membranes respectively

1
Where Lot = (Lyet1 X Lwet2)2 cor eee ven eee ven wve ven wve ven wve wee 1es v e o« EQUAtION 6

1
ANd lgry = (Larys X lary2)Z e v cee e i s e s v et e et e e Equaation 7

16



In Equations 6 and 7 above |1, lwez @d gy and gy are the lengths and

widths of wet and dry membrane sample respectively.

2.4 Hydroxide Conductivity (HC)

The procedure outlined by Yan et a. and summarized below was followed.’
Hydroxide conductivity was measured in deionized water by a typical four-electrode
AC impedance method utilizing an Ivium Technologies A08001 impedance analyzer
and a scanning frequency range of 1 — 10° Hz. Briefly, this impedance analyzer
consists of two platinum foils that act as current carriers and two platinum wires that
act as potential sensors. Sample preparation involves storing membranes in a tight
sealed container containing deionized water for a least 24 hours before any
measurements are made. Based on the impedance derived resistance, the hydroxide

conductivity of the membrane, g, was calculated through the following equation

L

WdR

vv een wee . Equation 8

In Equation 8 above, L is the distance between the two potential electrodes (set up
as 10000), d is the thickness (um), W is the width (cm) of the membrane samples
and R is the resistance of the membrane (Q) derived from the right-side intersect
of semi-circle on the complex impedance plane with the Re(Z) axis. The units of o

aremScm?

17



2.5

lon Exchange Capacity (IEC)
A method by Yan et a. was used to measure the actual IEC (IEC.,) by back
titration. ° Specifically 0.2 g of membrane sample were equilibrated with 50 ml of
0.01M HCI standard solution for 48 h, followed by back titration of 0.01 M NaOH
standard solution with phenolphthalein as indicator. The measured IEC (IEC,,) of

the membrane was cal culated by the following equation.

IEC,= LoYXCHEL o 1000 s s s oot e eee oo e eee o o Equation 9
dry

Where V,, and Vs are consumed volumes (ml) of the NaOH solution for the blank
sample and the membrane sample respectively, Cyq is the concentration (M) of

5,15
HCI solution and Wy isthe mass (g) of dry membrane sample.

The theoretical IEC (IECie) Was cal culated by Equation 10 below *°

|ECiheo=

(1000 x# of charged groups)
(MW gpgpaE-ci¥molesgpppaE-cl) HMWrararo+molestararo) H(MW gippigiXmolesgicnio) +2(MW nydroxide

eee ven e . Equation 10
In Equation 10, # of charged groups is the total number of positive and negative
charged groups (=2), molesgeepae-ci is the moles of QPBPAE-CI in the HEM,
molesratato iSthe moles of TATATO in the HEM, moleSgimiol 1S the moles of 1,6-
hexanedithiol in the HEM, MWhydroxide IS the molecular weight of the hydroxide

ion (=17 g/mal).

18



2.6 TensleStrength
The tensile strength and % strain at failure were evaluated using TA Instruments
RSA3. The standard test of Hencky strain model was used with a deformation per
second speed of 0.001s™ at 22°C. The membrane samples were dried in an oven at
60°C for 48 hours. Then these membrane samples with sizes of 2 cm x 0.5 cm and

thickness of 0.27 mm were placed between the grips of the testing machine.

19



Chapter 3

RESULTSAND DISCUSSION

3.1 Chemical Stability

No discoloration, disintegration or damage visually observed on membranes exposed
to 1M KOH for 48 hours. This confirms the stability of the polymer backbone. The
stability of the cationic triphenylphosphonium group was not confirmed in this
research. This would require the measurement of IEC values during the exposure to

IM KOH.

3.2 Hydroxide Conductivity and IEC

Table 3: Raw Data for Hydroxide Conductivity (HC) and IEC

Mole Ratio Resistance (Q) Thickness | Width | HC | ECiheo

QPBPAE-CI (Hm) (cm) (msem™) | (mmolg™)

" TATATO

1:1.5 27578, 27268 200 0.70 2.6 0.998
27159,27335-Avg

1:2 29606, 30049 290 0.80 14 0.907
30667, 30107-Avg

20



The thicknesses of the membranes are larger than expected. The targeted thickness
range was 50-80pum using a 380um shim. The shim thickness was chosen to account
for shrinkage of the membrane as a result of loss of dichloromethane used to dissolve
the QPBPAE-CI. This shim thickness was selected after membranes using a 1:1 ratio
of QPBPAE-Cl: TATATO were made using different shims, and it was discovered
that 380pum shims resulted in membranes in the range of 50-80um. Surprisingly, an
increase in the TATATO crosslinker resulted in thicker membranes. Thisisillustrated

by the larger membrane thickness for QPBPAE-CI: TATATO ratios of 1:2 than 1:1.5.

The method for calculating actual IEC (IEC,,) was not sensitive enough for the low

|EC values depicted by the IECye Values. Therefore no actual values were obtained.

The observed hydroxide conductivity in the membranes presented here is lower than
other phosphonium-based HEMs in the literature that utilize a pendant
trimethoxytriphenylphosphonium cation (typcialy >50 mScm™).Y,*®  Polymer
networks formulated with ene mole ratios of 1:1.5 and 1:2 QPBPAE-CI:TATATO,
respectively, exhibited excellent mechanica integrity. In contrast, membranes
formulated with reduced crosslinker concentrations (i.e.,, 1.5:1 or 2:1 QPBPAE-CI:
TATATO, respectively) were difficult to handle and were inadequate for HEM fuel
cell applications. Therefore, one of the limitations of this ternary system is that the

hydroxide conductivity cannot be increased by introducing more QPBPAE-CI. We

will address possible strategies for overcoming these limitations in section 3.5 below
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3.3 Water Uptake and Swelling Ratio (Dimensional Stability)

Table 4: Summary of Water Uptake and Swelling Ratio

Moleratio Rep Swelling ratio | Water Uptake
(%) (%)
1:15 1 8.34 25.44
2 8.15 23.68
1:2 1 8.95 20.70
2 8.84 19.77

The membranes formulated with QPBPAE-CI in the ternary monomer systems
exhibits good dimensional stability and the water uptake decreases with increasing
crosslinking as expected. A higher water uptake is redlized in the more charged
membrane (i.e., 1:1.5 versus 1:2, QPBPAE-CI.TATATO, respectively) owing to the
increase hydrophilicity of the charged membrane. Additionally, it is expected that the
reduced crosslinking should enable more swelling. The data from the two HEM’s
(shown in Table 4) shows that for our ratios, the swelling ratio increased with
increasing crosslinking. See Appendix A for raw data used to calculate the water
uptake and swelling ratio. A similar unexpected trend is observed with mechanical

propertiesin section 3.4 below.
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3.4 Mechanical Properties

Table 5: Mechanical Properties of Membranes

Moleratio | Tensle Strain a | Tensile 0.2% offset

Strength (MPa) | Failure (%) | modulus yield

(%) (MPa) strength
(MPa)
1:1.5 574 6.8+0.2 20+2 305
1:2 45+2 50+2 17.9+1.2 15+3

Although both samples show a high tensile strength, the trend deviates from the theory
of rubber elasticity. An increase in crosslink density would typically result in a stiffer
material with higher tensile strength, tensile modulus and lower strain at failure
therefore we should expect the 1:2 HEM to have a higher tensile strength, tensile
modulus and lower strain at failure than the 1:1.5 HEM. However our data shows a
reversed trend with the 1:1.5 HEM having a higher tensile strength, tensile modulus
and lower strain at faillure. The 1:1.5 HEM (less crosslinked) shows a behavior of a
brittle material (see Figure 10) while the 1:2 HEM (more crosslinked) shows a

behavior of aductile material (see Figure 11).
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The unusual trend in mechanica properties and swelling ratio observed above could
be attributed to the stability of cationic group, the molecular weight per crosslink or

the nature of charged polymers.

Tensile strength typically increases with increase in molecular weight. The 1:1.5 HEM
has a higher molecular weight per crosslink than the 1:2 HEM as more high molecular
weight charged monomer is incorporated and therefore it is possible that 1:1.5 HEM

would have a higher tensile strength than the 1:2 HEM.

The stability of the phosphonium cation is enhanced by nature of its side groups. If the
side groups are very large, then their steric bulk tends to protect the phosphorous atom
from hydroxide. The presence of electron donating side groups and side groups
participating in conjugation add stability by making the phosphorous atom electron
rich. The side groups in triphenylphosphonium cation are phenyl groups which are
electron withdrawing, do not participate in conjugation or provide adequate protection
to the phosphorous aom from hydroxide attack. This makes the
triphenylphosphonium cation very unstable. This instability could be an explanation
to the unusua mechanica and swelling observations. In comparison, the 2,4,6-
trimethoxyphenyl side groups in tris(2,4,6-trimethoxyphenyl)phosphonium cation are
electron donating, participate in conjugation and due to their large size provide
protection to the phosphorous atom from hydroxide attack. The triphenyl phosphonium

cation is known to be very stable, 8, *°
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3.5 Strategy for Increased Hydroxide Conductivity

As mentioned above, the materials examined herein exhibited low hydroxide
conductivity. One solution is to utilize a more basic phosphonium and in turn more
hydroxide conducting cationic group like tris(2,6-dimethoxyphenyl)phosphine or
tris(2,4,6-trimethoxyphenyl)phosphine.  Another possible solution is to use a thiol
crosslinker (i.e., a monomer with three or more thiol functional groups) that is stable
in akaline conditions. The use of this latter binary system would allow higher mole
ratios of cationic monomer vs thiol without affecting the network formation. These
two paths would create much higher hydroxide conductivities. As an illustration, a
new cationic monomer was synthesized with tris(2,6-dimethoxyphenyl)phospine as
the cationic group (QDMPBPAE-CI or Compound D in Fig 10) and photo crosslinked
with 1,6-hexanedithiol and TATATO in a ratio of 1.1 for QDMPBPAE-CI to
TATATO. The formed membrane was stable in 1M KOH for 48 hours and had a

hydroxide conductivity of 10.6 mScm™.
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Figure 12: Synthesis of QDM PBPAE-CI
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Chapter 4

CONCLUSION

Thiol-ene photo-crosslinking has been demonstrated as a viable option to creating
HEMs. The HEMs considered here have good chemical stability, dimensional stability
and mechanica properties for applications in HEMFCs. A novel difunctional ene

cationic monomer was synthesized in a simple and cost effect three-step process.

While the hydroxide conductivity fell short of the >50 mScm™ target, we have
identified promising avenues for conductivity improvements. Our HEMs have
hydroxide conductivities of 1.4 — 2.6 mScm™, which is similar to other ammonium
based crosslinked materials measured in the literature.®® We have demonstrated that
the use of tris(dimethoxyphenyl)phosphine would result in a hydroxide conductivity of
10 mSem™ with a 1:1 mole ratio of QDMPBPAE -Cl:TATATO. Further hydroxide
conductivity enhancements are possible with higher hydroxide conducting cationic
groups such as tris(trimethoxyphenyl)phosphine. This would also address the unusual
mechanical property and swelling ratio observations. Additionally, the switch to a

binary system would allow for more cationic monomer to be added to the materia
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without significantly compromising the network forming ability of the HEM monomer

system.
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Chapter 5

PATH FOWARD

The next steps in this research include; 1) identify a new akaline stable
multifunctional thiol (>2), 2) use a binary system and vary the composition of thiol
and ene to control the membrane morphology, 3) replace triphenylphosphine with
tris(2,4,6-trimethoxyphenyl)phospine for higher ion conductivity and superior
stability, 4) reduce the thickness of the HEMs by using thinner shims to hit the 50 -

80um thickness target.
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Appendix

RAW DATA FOR WATER UPTAKE AND SWELLING RATIO

Table A6: Raw Datafor Water Uptake and Swelling Ratio Experiments

Mole | Rep | lwert | lwez | Iwet larys | lay2 | lary Wyvet Wary

Ratio (cm) | (cm) | (cm) | (cm) | (cm) | (cm) | (9) (9

1 23 |15 |1857|21 |14 |1.7140.1272|0.1014

1:15 |2 24 |15 |1897 |22 |14 |1.754|0.1222 | 0.0988

1.2 |1 28 |16 |2116|26 |145|1.942|0.1539 | 0.1275

2 28 |16 |2116 |27 |14 |1.944|0.1587 | 0.1325
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