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ABSTRACT

Anion exchange membranes (AEMs) are polymased electrolyte solids that conduct
anions (OH, HCGO;, CI', et al), with positively charged groups bound covalently to the polymer
backbones. There has been a strong and growing worldwide interest in the use of anion exchange
membranes for electrochemical energy conversion and storage sy#teins. exchange
membrane fal cells (AEMFCs) have been regarded as promising energy conversion devices for
stationary and mobile applications due to their potential low cost. To realizgodriffrmance
AEMFCs, new polymeric membranes are needed that are highly conductive andatligemic
stable.Herein, crosdinked, multication side chain, and fluorene side chain AEMs based on
poly(2,6dimethyt1,4-phenylene oxide)s (PPO) were synthesized. PPO was chosen as an AEM
substrate because of its ease of functionalization at large scafelativkly good stability and
membrane properties.

To produce anion conductive and durable polymer electrolytes for alkaline fuel cell
applications, a series of crelisked quaternary ammonium functionalized poly(@iethyt1,4-
phenylene oxide)svith massbased ion exchange capacities (IEC) ranging from 1.80 to 2.55
mmol/g were synthesized via thiehe click chemistry. From small angle-rXy scattering
(SAXS), it was found that the croieked membranes developed migrbase separation
between e polar PPO backbone and the hydrophobic alkyl side chains. The ion conductivity,
dimensional stability, and alkaline durability of the crisked membranes were evaluated. The
hydroxide ion conductivity of the crodisked samples reached 60 mS/cmiguid water at room
temperature. The chemical stabilities of the membranes were evaluated under severe, accelerated
aging conditions and degradation was quantified by measuring ion conductivity changes during
aging. The crosinked membranes retained theelatively high ion conductivity and good

mechanical properties both in 1 M and 4 M NaOH at 80 °C after 500 h. Attenuated total
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reflection (ATR) spectra were used to study the degradation pathways of the membranes, and it
was discovered thdi-hydrogen(Hofmann elimination was likely to be the major pathway for
degradation in these membranes.

Sidechain containing AEMs with one, two or three cations per side chain were designed and
synthesized, enabling a study of how the degree of polymer backbon@riatization and
arrangement of cations on the side chain impact AEM properties. A systematic study of anion
exchange membranes (AEMs) with multiple cations per side chain site was conducted to
demonstrate how this motif can boost both the conductivitystadility of poly@,6-dimethyl
1,4phenylene oxidepased AEMs. The highest conductivity, up to 99 mS/cm at room
temperature, was observed for a triplgion side chain AEM with 5 or 6 methylene groups
between cations. This conductivity was considgrdiibher than AEM samples based on
benzyltrimethyl ammonium or benzyldimethylhexyl ammonium groups with only one cation per
side chain site. In addition to high conductivity, thaltication side chain AEMs showed good
alkaline anddimensionalstabilities. High retention of ion exchange capacity (IEC) (93%
retention) and ionic conductivity (90% retention) were observed for the-td@pien side chain
AEMs during degradation testing in 1 M NaOH at 80 °C for 500 h. Based on the high
performance tripleationside chain AEM, a Ptatalyzed fuel cell with a peak power density of
364 mW/cm was achieved at 60 °C under 100% related humidity.

Anion-conductive copolymers, poly(2d@methytl,4phenylene oxide)s containing
fluorene side chains with pendant alkyltathylammonium groups, were synthesized via Suzuki
Miyaura coupling of arybromides with fluorendoronic acids. The quaternized copolymers
produced ductile, transparent membranes which were soluble in dimethyl formamide, dimethyl
sulfoxide and methanol abom temperature. The fluorene side chzontaining membranes
showed considerably higher hydroxide ion conductivities, up to 176 mS/cm°&t 80dmpared

to that oftypical anion exchange membranes based on the benzyltrimethyl ammonium moiety.
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The resuk of titration and hydroxide ion conductivity measurements demonstrated excellent
chemical stability of the fluorene side chaiontaining anion exchange membranes (AEMS),
even afterl000 h immersion in 1 M NaOH at 8C. The results of this study suggesscalable

route for the preparation of AEMs for practical alkaline fuel cell applications.

A unique approach was employed to toughen AEMs by crosslinking the AEMs using
commercial Jeffamine additives. Compared to the BTMA40 membrane, the 10% Jeffarsge cro
linked membrane demonstrated significantly higher elongation at break. To be specific, the
hydrated BTMA40 membrane showed a 51.7% elongation at break, while the 10% Jeffamine
crosslinked membrane had a 166.8 % elongation at break. Clearly, the icitigad hydrophilic
crosslinked network greatly enhanced the toughness of the AEMs.

Overall, this thesis details a number of strategies for the-targje production of PRO
based anion exchange membranes. These strategies will be useful in going ifothvardesign
and deployment of hydroxide, bromide, bicarbonate, and chioddducting membranes for

water purification and electrochemical technology.
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Chapter 1

Introduction to Anion Exchange Membranes

1.1 Introduction

Anion exchange membranes are splidymer electrolytes that conduct anions, for
exampleOH, HCGy', CI', with positively charged groups bound covalently to the polymer
backbonesThere has been a strong and growing worldwide interest in the use of anion exchange
membranes for electrocheral energy conversion and storage systefgey part of the
research in this burgeoning sfibld is the development of polymeric anion exchange membranes
that are highly conductive, electrochemically stable, and scalable to quantities that can de applie
for cell engineering. Currently, there are very few commercially available anion exchange
membranes and none are highly suited to electrochemical technology. Therefore, the community
is looking to develop a consensus on the best design parametensstoew polymer structures

into this space.

Fuel cell technology offers clean, efficient, and reliable power generation for electronic
devices used in a wide range of applications such as mobile, transportation, and stationary
technologies. In a fuel celjectricity is generated by means of an electremical reaction that
is promoted by an overall negative Gibbos free
oxidant. Compared to batteries, fuel cells can directly convert the fuels into electrig energ
without the need for electrical power storage and the capacity of the system can be adjusted by
the fuel feeds and chemical fuel storage. In addition, fuel cells have 10 times the power density of

lithium ion batteries. Polymer membrabased fuel celldchnology such as proton exchange
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membrane fuel cells (PEMFC) and anion exchange membrane fuel cells (AEMFC) are regarded
as one of the most promising solutions to resolve rising energy demands ifi teaty while

reducing negative environmental impact associated with traditional sources of hydrocarbon

energy”>®

The solid polymeric membrane in a fuel cell, which serves as an ion transport medium
and separator for isolation of the cathode and ansdekey component in the performance of
the cell. During the process of fuel cell operation, the polymeric membrane durability is of great
importance to the functional life of the fuel cell. An ideal membrane for fuel cell applications
should demonstrateigh ionic conductivity, good dimensional stability, low fuel crossover,
chemical and mechanical stability, and facile assemble into fueféellae most frequently
used PEM in PEMFCs is Nafipa perfluorinated sulfonic acid resin with pendant sutfaid
side groups, produced by DuPdfitNafion®, which has high efficient proton conduction, good
mechanical properties, and excellent chemical stability, ensures high discharge performance and
durability of PEM fuel cells. However, the widespread oSBEMFCs based on Nafimas
been hindered. Firstly, the high cost and environmental incompatibility of processing the
perfluorinated material limits the largeale commercialization of PEMs based on Nafion.
Secondly, precious metals, such as Pt, Wwhie stable and highly efficient under strongly acidic
environments, are essential as electrocatalysts in PEM fuel cells and substantially drive up the

price of the syster.

To break the reliance on precious metal catalysts, alkaline membrane fuel cells
(AEMFCs) with anion exchange membranes (AEMSs) operating at high pH are currently being
studied for their potential to use nprecious metal catalyst$'* Advantages of anion exchange
membrane fuel cells (AEMFCs) over PEMFCs include an enhancementkiféties of the

electrode reactions, especially at the cathade more options for cathode catalysts such as
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nonprecious transition metals, leading to a performance improvement and reduction in device

cost**'" Due to these advantages, in the past deocaskarchers has been focused on developing

materials and cell operational technologies for AEMFCs. Among them, studies en high

performance polymeric AEMs have gained a lot of attention.

1.2 Working Mechanism of an H-O, Type AEMFC

/oS

Ni-Cranode | . | Agcathode

OH™ conductive polymer

Figure 1.1 Schematic depiction of an AEM based fuel cell with achlialyzed anode, an Ag

catalyzed cathode, and hydrogen feed. © National Academy of Sciences® 2008.

As shown in Figure 1.1, AEMFC convert hydrodaal to electrical energy based on the
following reactions®®

Cathode reaction: 3 2H0+4€ Y 4 0OH



Anode reaction: 24 40HY 4H,0+4¢€

Overall reaction: 2 O,Y 2,0H

At the cathodic side of af,-O, type AEMFC, Q is reduced in the presence ofCHto
produce4 OH , which transports through the polymeric AEM to #madic side of the cel”t
the anodeH, reacts withd OH , and is oxidized to productdzzo.lsThe overall reaction dfi,-O,

type AEMFC is reaction of fHand Q to generate kD, heat, and electrical enerdﬁ/.

Obviously, AEMFCs consist of two kinds of key materials. Catalysts are needed for the
cathode and anode to enable the electrochemical readidditionally, a polymericAEM,
which serves as both the ion transport medium and the separator for isolating the cathode and

anode are needed for effective separation of the electrodes and low ionic resistance in the cell.

1.3 Motivation for This Work

The performance of AEMFCs @éependent on the properties of AEMSs. In order to obtain

highly efficient anddurableAEMFCs, AEMs should meet the following requiremetffts:

1) high hydroxide ionic conductivity (no lower than%/cm at room temperature,
expected to be higher than™1®/cm under AEMFC operating conditior8).
2) high chemical and thermal stability (under fuel cell operating conditionsg86.§C)
with no obvious degradation of polymer backbonespsitively charged group¥.
3y excell ent mec H&aMPaatraom temperatereggdtiotv swellin®@degree
(less than 30 %) under the operating conditiths.
4) capability of being used in form of solution, i.e, ionomer solution,
which can be used to prepare polymer impregnated electrodes and membrane electrode

assemblyMEA).



In previous report by Li? et al, combshaped polymers based afackbone of
poly(2,6dimethy1,4-phenylene oxide) with different lengths of alky side chains pendant to the
backbone for AEMs were synthesized. These kinds of polymers showddgdroxide
conductivity and alkaline stabilit}:*’ However,due to the increase of ion exchange capacity
(IEC), membranes with degree of functionalization (/)0 could not be obtained in the pursuit
of higher performances AEMB order to achieveuficient ion conductivity for AEM
applications, high ioexchange capacities (IEC) are essential for anion exchange membranes.
However, increasing the IEC values is always accompanied by high water uptake, leading to
severe dimensional swelling, or eveasblution’-?*This tradeoff between dimensional stability
and ion conductivity creates a need for methods to enhance dimensional stability without
compromising ion conductivit§ Crosslinking has been reported as an effective method to
enhance the dimensional stability of the membrane and to increase the fuel resistance crossover in
the preparation of AEME*" In this work, side chains with double bonds were introduced, and
phaochemical strategies (UV) to crosslink the polymers and limit dimensional swelling (Figure
1.2). Theadvantage of usingthethiol-ene click reaction asstrategy for crosénking are its
robustness and efficiency without yielding any harmful byprodurctesidue that must be
removed from the membrane after the cilossing reaction has occurrédAlso, UV-initiated
thiol-ene chemistry was shown to proceed quantitatively with a high degree of spewitititya

short time*®



+

N Br
Ry(R'y)

NBS %
AIBN 1oox —’ 100-X
CH, B
NBr

PPO Br-PPO XxYyCz
Ry:

§

R: {5 n=06,10,16

"thiol-ene click chemistry"

photoinitiator, UV-Crosslinking

/
o >KI\Br

O . HE NSNS SH

Figure 1.2 Synthesis of crosknked combshaped AEMs, XYyCz with one alkyl side chain

using thiotene click chemistry.

AEMs are a new class of solid polymer electrolytes enabling the ummpfecious
metal catalysts as the electrodes in the fuel cell devices. However, the design of the AEMs has
faced a dilemmahow to enhance the ion conducting and maintain the stability of the AEMs
simultaneously? Usually, to obtain higher ion condugtjvitore cationic functional groups must
be grafted to the polymer backbone, severely damaging the chemical inertness of the polymer
backbone and inducing more degradation of the AEMs under alkaline conditions. One of the
strategies to disentangle the issfiéencreasing functionalization that causes degradation is to
incorporate two cations on each grafted functional side chains in order to reduce the grafting
degree of functional groups along the backbone. Reducing the degree of functionalization while
increasing the charge number of the cationic groups was reported as a method to balance the ionic
conductivity and the other required properties of ABRS Zhuang® et al reported a

polysulfone (PSFpased AEM with double quaternary ammonium groups (PQ)side chains.
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Compared to typical AEMs.e., quaternary ammonium polysulfone (QAPS), DQAPS enabled

higher IECs without increasing the DF, and demonstrated higher hydroxide conductivity as well
as higher dimensional and alkaline stabffitAlthough DQAPS showed promising properties as
AEMSs, thehydroxideconductivity of DQAPS was not high enough. More importantly, the report
did not detail systematic studies to demonstrate the effect of the arrangement of the charges on
the performance of the AEMs. &ddition, the reported AEM backbone was polysulfone which

was demonstrated less stable than the PPO backbloridis work, we synthesized a series of
poly(2,6dimethy 1,4phenylene oxidepased AEMs with different kinds of cationic side chains

to invesigate the relationship between the degree of functionalization (DF), the structure of the
side chain (charge number and charge arrangement), and the AEM performance in terms of ionic

conductivity, swelling degree, and chemical stability of the materigu(gil.3).

low ion conduction high ion conduction
large swelling small swelling
fast degradation slow degradation
CHs
o +< :} o — }
| CZ I40 d( | KQ } ] IC((
CH; . C
_N\OH NO N OH
<
é: m N
—N.OH _
N3 LN\OH
™
(3]
—NOH

Figure 1.3 Multication side chain AEMs based on PPO.

Although AEMFCs have the potential to replace PEMFCs for usage in mobile vehicles
and portable applications, the chemical and eledtemicalstabilities of the cations in AEMs

under high temperature and high pH environment limit the applicatishgre this technology
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can be applied. Benzyltrimethylammonium cations, for example, which are commonly employed
as functional groups for transpogihydroxide ions in AEMs, can undergo irreversible reaction

to give small molecules, such as methanol and trimethylamine. The irreversible formation of such
neutral molecules leads to the loss of ion conductivity, mechanical strength and functionality of
the AEMs?® The reaction between the cations and hydroxide is the ultimate limitation preventing
the AEM fuel cells from being widely used. Thus, it is desirable to design and develop AEMs

which possess high alkaline stability under operating conditions.

The main chemical degradation pathways for the tetraalkyammonium cations include
eliminations(E2)*" substitutions(§2) ;** and Stevens or Sommeldtauser rearrangemerifsas

shown in Figure 1.4.

CH. NS~ A~ )
N® ° OH HsC CHs
SN

CHy CH,
CH. CH.
CH 3 Lhs NN
3 HyC-N — CP + =
+
§ CHs N-CHs

HsC Hofmann elimination

Substitution 1

CH,
CH,

CHsy
CHs CHy . ii\; + HyC
NN
+ CH30H CcH N
3 ] HaC N/\/\/\ I

N N ¢ CHa
CH e~ HiC CHa

NS~ N

HsC CHs Stevens Rearr (major) S let-Hauser Rearr

Substitution 2

Figurel.4 Chemical degradation pathways for the tetraalkyammonium cation small molecules.

Nufiez!® et al has had a systematically studied of the degradation pathways and
mechanisms of tetraalkylammonium cations on small molecule AEM analogs and polymers. The
chemical structures of tetraalkyammonium small molecule AEM analogs and polymers studied

were showrnn Figure 1.5.



CHs CHs
; ; / i CHj
%43 CHs, @

l\j® SN
NS R 4
HeC CHs HsC HyC
pMeBTMA pMeBQA6 ArPrHxDMA
n n
CH
H 3
N/C@ : NQ/\/\/
HsC' CHs H,C
BTMA-PS QAG6-PS
HsC HsC,
@@% %}%
CHj
N%la /"‘/Q/\/\/
H,C' CH3 HaC
BTMA-PPO QA6-PPO

Figure 1.5 Chemical structures of tetraalkyammonium small molecule AEM analogs and

polymers studied by Nufieet al*

These researchers designed an accelbddgradation method based on hydroxide attack
to investigate the stability of important structures that are building blocks of AEMs. They found
that the presence of an interstitial spacer in ArPrHXDMA limited the possibility of Stevens and
SommeletHause rearrangemerif. As the substitution at the benzyl position was the major
degradation route for in both of small molecules and polymers, Nlif@zl studied the effect
of the interstitial ralkyl spacers between the aromatic and the trimethyammazation as well.

It was found that the addition of an interstitial spacer obviously enhanced the stability of both the
ArPrHxDMA and ArPrTMA compound® The authors concluded that it appeared that both
interstitial spacers and terminal pendesatlkyl groups enhanced the stability of the
tetraalkylammonium, but the interstitial spacers seems to make the greatest contribution to
eliminate the benzyl substitution in the bertlyked ammonium small molecules and polymers.

“%In addition, the alkaline degradation investigation on AEM polymer backbone demonstrated
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that poly (phenylene oxide) provided a more stable polymer backbone than polystyrene

architectures at 120°€.

Inspired by these results, we designed fluotem@aning side chain AEMs, which is
shown in Figure 1.6, in order to obtairalkyl interstitial spacers tetraalkylammonium cations
AEMSs. In this work, aniorconductive copolymers, poly(2d@methyl1,4-phenylene oxide)s
containing fluorene side chains with gamt alkyltrimethylammonium groups, were synthesized
via SuzukiMiyaura coupling of arybromides with fluorenéoronic acids. The relationship
among water uptake, IEC and ionic conductivities of these advance AEMs were investigated. The
long-term alkalire stability of the AEMs was evaluated by treating the AMESs with argon

saturated 1 M NaOH solution at 80 °C for 1000 hours.

Br
Br.

CHs CHs > 932
B
(L) %o
0 o+ —
100-x X Pd(dppf)Cl,-CH,Cl,,
CH3 Br CH3

Base, toluene

Br
Figure 1.6 Synthetic strategy for the fluorene diegide chains polyZ,6-dimethyt1,4-phenylene
oxide).

Compared to their counterpart PEMs, AEMs generally exhibit inferior properties, such as
lower mobility of OH and less developed phasegregated morphology of aromatic polymers. In
order to enhancéé ionic conductivity and maintain an acceptable swelling ratio, researchers
have been employed the strategies of crosslinking and controlling thegqamgegated

morphology to fabricate desirable AEMs. In addition, although the rigid aromatic polymer
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badkbones ensure good tensile strength (higher than 20 MPa), the poor flexibility (lower than
30% elongation at break) of the AEMs is unsatisfactory for fuel cell applications. Under a low
relative humidity environment, the poor flexibility makes AEMs brjttlausing problems during
MEA fabrication. Also, the longerm fuel cell performance closely relies on the flexibility of
AEMs since the fuel cell is operated under conditions such adryelcling. Herein, we

employ a unique approach to toughen AEM<imsslinking the AEMs using commercial

hydrophilic Jeffamine crodinkers.
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Chapter 2

Literature Review of Anion Exchange Membranes

2.1 Introduction

In addition to catalyst, higherformance polymeric membranes are key materials in
electrochemical technology and ensure high discharge performance and durability of PEM fuel
cells. In 1960s he commercialization of NafiSha perfluorinated sulfonic acid resin produced
by DuPont, boosted the development and research of PEM fuel cells in the following decades.
Compared to PEMs, however, the commercialization of AEMs for fuel cell applicaistill in
the initial stages and faces materials and engineering challenges. Until now, there are no
commercial AEManeet the requirements for fuel cell devices. Thus, in the past decade, much
effort has been placed on developing materials and cell apehbtechnologies for AEM fuel

cells. Among them, studies on higkerformance polymeric AEMs have gained a lot of attention.

2.2 Anion Exchange Membranes with Different Side Chains

2.2.1 Anion Exchange Membranes with Singi€ation Side Chains

Poly(styrem)s and poly(divinylbenzene)s were typical polymer backbones for AEM

materialst*!
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Figure2.1 Synthetic strategy of SEBS AEMs. © ELSEVIER, 2010.
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Zeng? et al.reported AEMausing polystyrendlock-poly(ethyleneran-butyl)-block-
polystyrene (SEBS) as staring material (Figure 2.1). Chloromethyl groups were introduced into
the SEBS by using paraformaldehyde and hydrochloric acid in the presence pt&tast
The reaction bchloromethyl groups with trimethylamine gave the quaternized SEBS which was
converted to an AEM by immersion 1 M KOH solutibfihis kind of AEMs exhibited low

hydroxide conductivity (9.37 mS/cm) in deionized water at 80 °C due to the low IEC.

g g

sz|n2 a
O O O O “{rCi(CoD),, dfBpy \\| x \l ‘
THF B-0 B~0 seBs-Bpin

SEBS O O

e
1. Cast filmin
‘ = toluene
D0 oo
Pd(dppf)CIz Cs,CO5 X 2. dimethyl sulfate
THF/H,0 SEBS-An 3. 1M NaOH SEBS-QA

+ “OH JOH
QA QA

An An
(wheren=1- 5)

An= A1 A4 QA= TMA DMP MCH MiPr  TMHA
e by BT e Uy bd D Ll

Figure 2.2 Synthesis of quaternized SEBS via iridisatalyzed aromatic <€l borylation and
palladiumcatalyzed Suzuki crosupling. © American Chemical Society, 20'75.

Recently, Mohanty? et al.reported AEMs based on the chemically stable and
elastomeric triblock copolymer, polystyrehgoly(ethyleneco-butylene)b-polystyrene (SEBS),
which demonstrated high hydroxide conductivity and chemical stability (Figure 2.2). The SEBS
triblock copolymemvas functionalized via iridiursatalyzed aromatic & borylation and
palladiumcatalyzed Suzuki crossoupling. This kind of AEM exhibited hydroxide conductivity

as high as 45 mS/cm in deionized water at 30 °C with IEC = 2.41 mfﬁd‘lll@ H-O, fuel cell
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of the membrane electrode assembly (MEA) based on quaternized SEBS using Pt/C as catalysts

exhibited peak power density of 240 mW/fah 80 °C"2
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-60—< >—5—< >—0~< >—c4< :H
1l | n
0 CHs
a l CH30—CH,Cl
OB
(-o 0 G
Il | n
o) CHs
CH,CI
bl N(CH3)3
OB
%O I 0 |C
o) CHs L

HC

N +
H5C” |\CH3 d
CHs3

Cl KOH

DO O-LOn

HaC

H3C/'}l\¢CH30H
CHs
Figure2.3 Synthetic route of quaternary ammonium polysolphin hydroxide form. © WILEY
VCH Verlag GmbH & Co. KGaA, Weinheim, 2019.

In the reported polymeric materials for AEMs)|y(arylene ether)save been the most
frequently used polymer backbones. Among them, polysulfoneshé®8)garnered lot of
attertion due to their toughness, chemical stability and easy modification. Typically, the
preparation of PS AEMs consists of theteps, as shown in FiguPe3. Firstly, chloromethyl
groups were introduced svomatic position oPS backbone vialectrophilicsubstitution

reactionin the presence déwis acid Secondly, chloromethylated PSs reacted with
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trimethylamine to give the quaternized PSs, which were AEMs in fHer@l. Finally, the
guaternized®Ss were converted to PS AEMs by immersing 1 M KOH moiuThe PS AEMs

exhibited hydroxide conductivity which was on the order 6f $tm at room temperatut@.

)
FO% F + xHO O O OH + 1-xHOOH
)

x=1,0.8,0.6,0.4 | K,CO;, NMP
150°C 4 h
170°C 12 h

NBS, BPO, C,H,Cl,
85°C5h

heterogeneous or
homogeneous amination

R = H or N(CH3)3*HCO3"

Figure 2.4 Synthetic route of quaternary ammonhaontaining polymers from bromination of
tetramehyl bisphenol Abased PS. © American Chemical Society, 2010.

In many reports, the Pisased AEMs were prepared via chloromethylation and
guaternization of the benzylchloromethyl groups. However, producing ndva$¥s AEMs via
the chloromethylation reacin has been hindered because of the use of toxic and carcinogenic
chloromethyl methyl ether. Yafiand Hibbs!® et al introduced the benzylmethyl moieties into

polymer during the polymer synthesis, thereby circumventing postmodification of poly(sulfone)s
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by chloromethylation (Figure 2.4). The ionic conductivity and water uptake of tha$tsl

AEMs could be turned over wide range by controlling the distribution of the cationic groups.

O

KOO

B,Pin,, [IrCI(COD)],,
dtbpy, THF
80 °C,15h

+HO)- .
E / (@) (0]
B-X-PSU
M Br—< >—\
N—
A /
Pd(dppf)Clz-CHzclz,

K,CO3, THF/H,0,
75°C,24h

B-x-PSU-A

y 1) CH;3I,DMACc, 50 °C, 12 h
N 2) 1M NaOH, rt, 48 h

I
OO0+t
B-x-PSU-NMe;OH

N+ OH
ZIN

Figure 2.5 Synthetic route of trimethylbenzylammonium functionalized PS \d Borylation

and Suzuki copling reactions© American Chemical Society, 2014.

Recently, Mohanty"* et al.reported the preparation of B&sed AEMs by methods of

iridium-catalyzed GH borylation followed by palladiurcatalyzed Suzuki coupling. The side
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reactions could be minimméd and the degree of functionalization of the polysulfones could be
easily controlled due to the use of mild reaction conditib@ompared to the corresponding

AEMs materials prepared via chloromethylation, these kinds of AEMs exhibited lower water
uptske, while maintaining similar ionic conductivity These kind of AEMs exhibited hydroxide

conductivity as high as 56 mS/cm) in deionized water at 30 °C with IEC = 2.64 nifnol/g.

CH, 0 CHj 0
OEC--O+-O-HOFEO--O-+0

CHs 0 X CHj o} y
CH,

Q
N OH

—N

AN

Figure 2.6 Chemicalstructure of imidazolium functionalized polysulfone AEM. © The Royal

Society of Chemistry, 201*f.

A series of PSTfmOH AEMSs (Figure 2.6) with different IECs were synthesized by
Zhang™ et al.via functionalization of chloromethylated polysulfone withthyéimidazole.
When the IECs were increased from 1.39 mmol/g to 2.64 mmol/g , the hydroxide conductivity of
the PSflmOH AMEs increased from 16.1 mS/cm to 20.7 mSftMeanwhile, large increases of
swelling ratio were observed for the ASfOH AEMs when e IECs were increased from 1.39
mmol/g to 2.64 mmol/g, indicating the increasing of ionic conductivity was at cost of mechanical
strength!® The H-O, fuel cell based on PSMOH AEMSs using Pt/C as catalysts exhibited peak

power density of 16 mW/chat 6 °C*
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i

w=

7

o=

OO

CH;,
QCH; H.CO
+
H3004< §>—P—<§ :}—OCH3
OCH;, H.CO
H,CO OCH,

OH

OCH,

Figure2.7 Chemical structure of the tri(2,4t8methoxyphenyl) polysulfonenethylene
guaternary phosphonium hydroxide (TPQPOH). © WILZ¥H Verlag GmbH & Co. KGaA,

Weinheim, 2009°

Gu/® et al.synthesized a new quaternary phosphonium based polysuéifiis:
tri(2,4,6-trimethoxyphenyl) polysulfonenethylene quaternary phosphonium hydroxide
(TPQPOH) (Figure 2.7), which was soluble in tbwiling-point watersoluble solvents. For this
kind of AEMs hydroxide conductivity as high as 45 mS/cm could be achieved in deionized water
at 30 °C with IEC = 1.17 mmol/j.The H-O, fuel cell based on TPQPOH AMEs using Pt/C as
catalysts exhibited a peak power density of 258 m\Watriz0 °C*°® Although TPQPOH &AMs
demonstrated high ionic conductivity, the large swelling ratio at elevated temperature could not

ensure the mechanical strength of the AEM materials during the fuel cell operating conditions.

2.2.2 AEMs Based on Poly (2,-8imethyl-1, 4phenylene oxidé

Poly (2, 6dimethyt1, 4phenylene oxide) is a good polymer membrane backbone
candidate for its high thermal, mechanical and chemical stabilities. Additionally, it is possible to
have modifications on both aryl and benzyl positions because of its usjoest unit structur.

For example, reactions such as the-fiaadical substitution of hydrogen from the benzyl position
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of PPO; electrophilic substitution on the aryl positions of PPO; metalation of PPO with

organometallic compounds; maodification anddtionalization of PPO from the terminal

Vinylb | chlorid
o OH + NaH iny enzyoc oride
n r.t. (o} 0 125 °C
n
Cl
O-N
m
40 % aqueous m

Melt pressing trimethylamine O O
@ -
'i‘ ~

I l rt. 48h
n

Figure 2.8 Synthetic route for thepoly (2, 6dimethytl, 4phenylene oxidep-poly

hydroxyl groups are possibté.

(vinylbenzyltrimethylammonium) diblock copolymendsased AEMs. © American Chemical

Society, 20152

Yang!® et al. synthesized poly (2,-8imethyt1, 4phenylene oxidep-poly
(vinylbenzyltrimethylammonium) diblock copolymebased AEMs through growing

poly(vinylbenzyl chloride) (PVBC) blocks from a PPGonoinitiator using nitroxidenediated

polymerization, shown in Figure 2.8. These kind of AEMs exhibited hydroxide conductivity as

high as 132 mS/cm in deionized water at 60 °C with IEC = 2.9 mrifdigaddition, no
significant loss of hydroxide condudity was observed for the AEMs after exposure to 1 M

KOH over 13 days at 60 °&.
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2.2.3 AEMs Based on Poly (olefin)s

Figure 2.9 Synthetic procedure for tetraalkylammonifiamctionalized polyethylene AEMs. ©

American Chemical Society, 2010.

Kostalik.” et al.reported a solvent processatittraalkylammoniurfunctionalized
polyethylene based AEMs through the rimpening metathesis polymerization (ROMP). The
AEMs was synthesized from tetraalkylammonitunctionalized monomer (compound 1 in
Figure 2.9) and cyclooctene by °ThesekindpfAEMubbo6s s
exhibited hydroxide conductivity as high as 40 mS/cm in deionized water at 20 °C with IEC =
1.29 mmol/g?? In addition, the exallent solubility of the polymer materials in aqueous alcohols

extended the promising application for use as both AEMs and ionomer el€étrode.

























































































































































































































































































































































































































































