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Abstract

Over the course of more than two decades, sulfonated aromatic polymers, exemplified by
sulfonated poly(arylene ether)s, have demonstrated substantial potential for application as
proton exchange membranes (PEMs). Introducing a small molar fraction of tri-functional
monomer in the conventional polymerization process of these polymers yields a macroscopic
network of polymer branches. Compared to their linear counterparts, the fabricated branched
sulfonated polymer PEMs typically exhibit improvements in proton conductivity, dimensional
stability, and oxidative stability. Herein, the structure-property relationship of branched
sulfonated poly(arylene ether ketone sulfone)s PEMs was explored, with the aim of achieving

superior performance to the commercial perfluorosulfonic acid (PFSA) polymer PEMs.

The effects of two fundamental parameters, degree of branching (DB) and ion exchange
capacity (IEC), on the branched polymer PEMs were investigated through the synthesis of two
series of branched poly(arylene ether ketone sulfone)s featuring different contents of branching
sites and sulfonic acid groups, respectively. Increasing the DB and IEC exerted a similar impact
on most properties of PEMs, except for distinct discrepancies that occurred in dimensional
variation and oxidative stability. An increased DB led to isotropic swelling change and
enhanced oxidative stability, whereas the influence of IEC was entirely the opposite. To
maximize oxidative stability and ensure satisfactory proton conductivity of PEMs, increasing

DB to 12.5% and then suitably raising IEC was inferred to be a good option.

Moreover, the impact of sulfonic acid group positioning within the branched polymer
architecture on PEMs was studied. A series of branched poly(arylene ether ketone sulfone)s

with ultra-densely sulfonated branched centers was synthesized, with a maximum DB value of
1T



12.5% being achieved. In comparison to the analogous branched polymer with relatively
random sulfonation along branched arms, concentrating sulfonic acid groups on the branched
centers resulted in improved dimensional stability (in-plane direction and volumetric) and
proton conduction ability under identical water content. However, the oxidative stability was

significantly inferior due to the increased risk of polymer chain degradation.

Expanding upon the results from the above-mentioned investigations, a series of branched
poly(arylene ether ketone sulfone)s bearing sulfoalkyl side chains on the branched arms was
synthesized, with a consistent DB value of 12.5%. The flexibility of the side chains enhanced
the mobility of sulfonic acid groups in the fabricated PEMs. The PEM with an IEC value of
1.73 meq g demonstrated proton conductivity and dimensional stability comparable to Nafion
117, a PFSA membrane, as well as decent oxidative stability. Furthermore, the proton
conductivity of the PEM with an IEC value of 1.96 meq g™ significantly surpassed that of

Nafion 117, resulting in superior Ha/air single-cell performance to Nafion 117.

In summary, the polymer architecture of the branched sulfonated poly(arylene ether ketone
sulfone)s was progressively optimized, achieving superior performance to commercial PFSA
membranes ultimately. The work presented in this thesis is expected to serve as a guide for the

structural design and application of branched sulfonated aromatic polymers as PEMs.
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Kurzzusammenfassung

Im Laufe von mehr als zwei Jahrzehnten haben sulfonierte aromatische Polymere, wie zum
Beispiel sulfonierte Poly(arylether), ein erhebliches Potenzial fiir die Anwendung als
Protonenaustauschmembranen (PEM) gezeigt. Die Einfiihrung eines kleinen molaren Anteils
eines trifunktionalen Monomers in den herkdmmlichen Polymerisationsprozess dieser
Polymere fithrt zu einem makroskopischen Netzwerk von Polymerverzweigungen. Im
Vergleich zu ihren linearen Analoga weisen die hergestellten verzweigten sulfonierten
Polymer-PEMs in der Regel eine verbesserte Protonenleitfihigkeit, Dimensionsstabilitit und
oxidative Stabilitdt auf. In diesem Beitrag wurde die Struktur-Eigenschafts-Beziehung von
verzweigten sulfonierten Poly(aryletherketonsulfon)-PEMs mit dem Ziel untersucht, eine
bessere Leistung als die kommerziellen Perfluorsulfonsdure (PFSA)-Polymer-PEMs zu

erzielen.

Die Auswirkungen von zwei grundlegenden Parametern, dem Verzweigungsgrad (DB) und der
Ionenaustauschkapazitit (IEC), auf die verzweigten Polymer-PEMs wurden durch die Synthese
von zwei Serien von verzweigten Poly(arylenetherketonsulfonen) mit unterschiedlichem
Gehalt an Verzweigungsstellen bzw. Sulfonsduregruppen untersucht. Eine Erhohung des DB
und der IEC hatte einen dhnlichen Einfluss auf die meisten Eigenschaften der PEMs, mit
Ausnahme deutlicher Unterschiede in der Dimensionsstabilitdt und der oxidativen Stabilitét.
Ein erhohter DB fiihrte zu isotropen Quellungsénderungen und erhéhter oxidativer Stabilitit,
wiahrend die IEC genau das Gegenteil bewirkte. Um die oxidative Stabilitéit zu maximieren und
eine zufriedenstellende Protonenleitféhigkeit der PEMs zu gewihrleisten, wurde eine Erh6hung

des DB auf 12,5 % und eine anschlieende Erhdhung der IEC als sinnvolle Option abgeleitet.
v



Dariiber hinaus wurde der Einfluss der Positionierung der Sulfonsduregruppe innerhalb der
verzweigten Polymerarchitektur auf die PEMs untersucht. Es wurde eine Serie von verzweigten
Poly(arylenetherketonsulfonen) mit extrem dicht sulfonierten verzweigten Zentren synthetisiert,
wobei ein maximaler DB-Wert von 12,5 % erreicht wurde. Im Vergleich zum analogen
verzweigten Polymer mit relativ zufélliger Sulfonierung entlang der verzweigten Arme, fiihrte
die Konzentration von Sulfonsduregruppen an den verzweigten Zentren zu einer verbesserten
Dimensionsstabilitit (in der Ebene und volumetrisch) und Protonenleitfahigkeit bei gleichem
Wassergehalt. Die oxidative Stabilitdt war jedoch aufgrund der erhohten Empfindlichkeit der

Polymerkette deutlich geringer.

Aufbauend auf den Ergebnissen der oben genannten Untersuchungen wurde eine Reihe von
verzweigten Poly(arylenetherketonsulfonen) mit Sulfoalkyl-Seitenketten an den verzweigten
Armen synthetisiert, wobei der DB-Wert konstant auf 12,5 % gehalten wurde. Die Flexibilitét
der Seitenketten verbesserte die Mobilitdt der Sulfonsdauregruppen in den hergestellten PEMs.
Die PEM mit einem IEC-Wert von 1,73 meq g zeigte eine mit Nafion 117, einer PFSA-
Membran, vergleichbare Protonenleitfdhigkeit und Dimensionsstabilitit sowie eine gute
oxidative Stabilitdt. Dariiber hinaus tibertraf die Protonenleitfahigkeit der PEM mit einem [EC-
Wert von 1,96 meq g’ deutlich die von Nafion 117, was zu einer besseren H, /Luft-

Einzelzellenleistung im Vergleich zu Nafion 117 fiihrte.

Zusammenfassend ldsst sich sagen, dass die Polymerarchitektur der verzweigten sulfonierten
Poly(arylenetherketonsulfone) schrittweise optimiert wurde, so dass letztlich eine bessere
Leistung als bei kommerziellen PFSA-Membranen erzielt wurde. Die in dieser Arbeit

vorgestellte Arbeit soll als Leitfaden fiir das strukturelle Design und die Anwendung
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verzweigter sulfonierter aromatischer Polymere als PEMs dienen.
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1. Theoretical Background

Energy is a vital resource for human survival, evolving and being utilized in tandem with
advancements in science and technology. (!l The Industrial Revolution, commencing in the mid-
18th century, spurred the rapid expansion of the coal industry, establishing it as the foremost
energy source in the world. In the early 20th century, the electrification revolution profoundly

altered human lifestyles, positioning petroleum as the primary energy form. 2]

As the global population experienced exponential growth, energy consumption and demand
escalated. Concerns regarding the potential depletion of fossil fuels and the environmental
degradation resulting from their combustion drove the pursuit of alternative clean energy
sources. ¥ The European Union’s Horizon 2020 plan integrates safe, efficient, and clean energy
into its framework, endorsing the transition from existing energy systems to reliable,

sustainable, and competitive alternatives while promoting research and innovation.

1.1. Fuel Cells

Fuel cells are energy conversion devices that directly transform chemical energy into electrical
energy through an electrochemical reaction involving a fuel and oxidant. 1> ¢ In contrast to
traditional heat engines, which derive electrical energy via multiple energy conversions, fuel
cells exhibit a superior energy conversion efficiency of up to 60%. Furthermore, fuel cells

generate only non-polluting emissions, pure water, and reusable thermal energy. [-#!

The first fuel cell device was invented by William Grove in 1839. Exploiting the different redox
potentials of oxygen and hydrogen, this apparatus conducted an electrochemical reaction upon

the catalyzation of platinum, yielding an electromotive force and supplying voltage to the



external circuit. ) Following over a century of progress, various types of fuel cells have been
developed, primarily categorized into five types based on their electrolytes: solid oxide fuel
cells (SOFCs), molten carbonate fuel cells (MCFCs), phosphoric acid fuel cells (PAFCs),
proton exchange membrane fuel cells (PEMFCs), and alkaline fuel cells (AFCs), as illustrated

in Figure 1.1, (1011

Anode Electrolyte Cathode
o
H,0 |SOFC (500-1,000 “C) < 0,(ain)
Internal co, <« (2-
reforming —
H,CO ] R
: H,0 | McFc (850 C) <=0 (80
C&) <—— CO0g2 < Co0,
Externgl
reforming PAFC (200°C) | ¥ |« 0,(ain
H,, CO, * H,0
HY —
External
reforming 5 PEMFC (80 °C) y
H,, CO, e o H,O0 |<— 0, (ain
(CO removal)
v 3 <0, (air)
H,—| 1,0 AFC (70 °C) | (o,
: OoH removal)

Figure 1.1. Overview of the various types of fuel cells. Reproduced with permission from Ref. [10].

Copyright 2001 Springer Nature.

All types of fuel cells adhere to the same fundamental principle: fuel undergoes an oxidation
reaction at the anode, generating electrons. These electrons traverse an external circuit and
reach the cathode, where they engage in a reduction reaction with the oxidant. Simultaneously,
different forms of ions transport through the electrolyte and/or membrane that separates the
cathode and anode. The reaction products for SOFCs, MCFCs, and AFCs form at the anode,
whereas those for PAFCs and PEMFCs form at the cathode. > '3 In a theoretical term, fuel

cells operate as a medium for the conversion of chemical energy from fuel into electrical energy,



provided that reactants are continuously supplied, fuel cells may consistently produce power.

[14, 15]

1.2. Proton Exchange Membrane Fuel Cells

PEMFCs employ ion exchange membranes with the ability of proton conduction, i.e., proton
exchange membranes as the electrolyte. ' In comparison to other liquid electrolytes, the solid
electrolyte renders PEMFCs more convenient regarding sealing and assembly. Moreover, the
operating temperature of PEMFCs typically remains below 100°C, enabling rapid startup.
Additionally, the energy density of PEMFCs surpasses that of most other fuel cells.
Consequently, PEMFCs are deemed the principally promising candidate for fuel cells as
portable and automotive devices. ' ¥ Figure 1.2 exhibits the schematic structure of PEMFCs,
comprising the proton exchange membrane, catalyst layers, gas diffusion layers, and bipolar
plates. ']

Anodic Catalyst Cathodic Catalyst
Layer Layer

Anode Plate Cathode Plate

unused Hi%
A

Anodic Gas Proton Exchange Cathodic Gas
Diffusion Layer Membrane Diffusion Layer

Figure 1.2. The schematic diagram of proton exchange membrane fuel cells. Reproduced with

permission from Ref. [19]. Copyright 2014 Elsevier.



With hydrogen utilized as the fuel, the fundamental operation process of PEMFC:s is as follows:
Hydrogen diffuses through the gas diffusion layer and reaches the anode, where it undergoes
an oxidation reaction under the catalyzation, dissociating into protons and electrons. The
electrons traverse the external circuit to the cathode, while the protons directly pass through the
proton exchange membrane. At the cathode, protons engage in a reduction reaction with oxygen
and electrons, facilitated by the catalyst, to yield water. The reactants involved in the system

are hydrogen and oxygen, with water being the sole product. 2% 2]

1.3. Proton Exchange Membranes

As one of the core components of PEMFCs, the proton exchange membranes (PEMs) are
primarily composed of polymer electrolytes containing sulfonic acid groups, > 2! which
perform several functions: conducting protons from the anode to the cathode; impeding the
transit of electrons, thereby compelling electrons to reach the cathode exclusively through the
external circuit; preventing direct contact between electrodes to avoid short circuits; and serving
as a scaffold to support the catalyst layer. ** 25! Consequently, to fulfill these requirements,
qualified PEMs ought to exhibit outstanding proton conductivity and insulation capability, low

fuel permeability, robust mechanical properties, and excellent stability. [2¢)

1.3.1. Perfluorosulfonic Acid Polymers

Perfluorosulfonic acid (PFSA) polymers, developed by DuPont in the 1960s, have been the

most successful PEM materials thus far, with Nafion and its derivatives serving as predominant

27

examples. *71 As illustrated in Figure 1.3, the representative chemical structure of Nafion

consists of a hydrophobic polytetrafluoroethylene backbone and hydrophilic perfluorosulfonic



acid side chains. [?®/ The perfluorinated main chain structure provides PFSA polymers with
exceptional chemical stability, while the highly acidic side chains confer outstanding proton
conductivity. However, the operation temperature range of PFSA membranes is significantly
constrained due to the relatively low glass transition temperature (around 130 °C), leading to a
substantial decline in mechanical properties above 100°C. Moreover, PFSA membranes exhibit
high fuel permeability, diminishing the efficiency and durability of PEMFCs. Critically, the
high cost resulting from the complex synthesis process and the severe environmental pollution
generated during waste material incineration limit the large-scale commercial deployment of

PFSA membranes. *! Additionally, recent regulatory considerations by the European Union to

30]

ban fluoropolymers may further hinder their widespread adoption. !

Figure 1.3. Representative chemical structure and roll of a Nafion® membrane. Reproduced with

permission from Ref. [28]. Copyright 2021 Royal Society of Chemistry.

1.3.2. Sulfonated Aromatic Polymers

Owing to the limitations mentioned above, massive research has been devoted to the



development of alternative materials for PFSA membranes, with sulfonated aromatic polymers
emerging as the most promising candidates. ! Due to the rigid polymer backbone, sulfonated
aromatic polymers maintain excellent thermal stability and mechanical properties above 200°C.
Additionally, reduced fuel permeability and lower cost further enhance their suitability for
commercialization. ** Among the most extensively studied sulfonated aromatic polymers,
classified by the main chain structure, are sulfonated poly(arylene ether)s, 1> sulfonated
polyimides, 573 sulfonated polybenzimidazoles, ***! and sulfonated poly(phenylene)s 4! 42!,
Nonetheless, the imide ring of sulfonated polyimides demonstrates instability toward
hydrolysis, triggering degradation of the main chain and thereby reducing the lifespan of
PEMFCs. 3 4 Due to the acid-base interactions, sulfonated polybenzimidazoles typically
manifest markedly low proton conductivity. And polybenzimidazoles doped with inorganic
acid HsPOy are generally used as the electrolyte for PAFCs. [*> %61 Furthermore, the synthesis
process of sulfonated poly(phenylene)s involves relative complexity and the employment of

costly transition metal catalysts. - *8) Therefore, sulfonated poly(arylene ether)s have gained

prominence among these sulfonated aromatic polymers.

1.4. Sulfonated Poly(arylene ether)s

Poly(arylene ether)s (PAEs) composed of alternating rigid aromatic rings and flexible ether
bonds, are a class of high-performance thermoplastic materials with exceptional thermal
stability, robust mechanical properties, and remarkable chemical resistance. [*! These attributes
find extensive application in diverse high-tech domains, including the aerospace industry,
medical equipment, automobile production, and electronic manufacturing. P 31 The

introduction of sulfonic acid groups into the PAEs is a requisite step to endow PEMs with a

6



proton conduction ability. 21 The synthesis of sulfonated poly(arylene ether)s (SPAEs) is
typically divided into two categories based on the variation in reaction substrates:

polymerization of sulfonated monomers or post-sulfonation of polymers. 53]

The polymerization of sulfonated monomers refers to the preliminary synthesis of sulfonated
monomers, which are subsequently polymerized with other non-sulfonated monomers to yield
SPAEs. 5% This method offers a well-controlled degree of sulfonation and a precisely ordered
monomeric structure of the polymer, eliminating the risk of polymer backbone degradation
upon post-sulfonation. 55! However, the variety of sulfonated monomers is limited, resulting in
a reduced variation of architecture for SPAEs. Moreover, the steric hindrance of sulfonated
monomers declines their reactivity during condensation polymerization, thereby restraining the

potential for increasing the molecular weight of the polymer. 5% ¢

The post-sulfonation of polymers primarily involves electrophilic aromatic substitution
reaction on PAEs. 7! This reaction tends to occur preferably on aromatic rings associated with
electron-donating groups, replacing hydrogen atoms with sulfonic acid groups. Conversely,
when aromatic rings are linked with electron-withdrawing groups, the post-sulfonation reaction
is hampered. ¥ Consequently, the integration of monomers with diverse structures into the
polymer, followed by post-sulfonation, leads to SPAEs with versatile architectures. However,
this process potentially exposes the polymer to degradation and other side reactions, rendering
the precise control over the degree of sulfonation and the positioning of sulfonic acid groups
challenging. Hence, the appropriate selection of a sulfonation agent that aligns with the polymer

structure, coupled with meticulous control over reaction conditions, is crucial. 5% 60



1.4.1. Proton Conduction

Initially developed SPAEs with relatively simple architectures generally demonstrated inferior
proton conduction abilities at lower ion exchange capacity (IEC) values. To achieve proton
conductivity comparable to PFSA membranes, a high IEC is generally necessary, leading to

massive water absorption and consequentially excessive swelling change. [*!:62]

It is widely accepted that there are three types of mechanisms for proton conduction within
PEMs: the vehicle, the Grotthuss, and the surface mechanisms. 1** ¢ As shown in Figure 1.4,
upon dissociating from sulfonic acid groups, protons form associations with water molecules.
The vehicle mechanism suggests that protons diffuse alongside the water molecule carriers,
while a counterflow of the nonionic carriers arises. In contrast, the Grotthuss mechanism
theorizes that protons move through the rupture and reformation of hydrogen bonds with water
molecules in a “hopping” fashion. Additionally, the surface mechanism enables protons to
transport between sulfonic acid groups, mediated by water molecules. Typically, these three
mechanisms coexist and one of the mechanisms may act dominant based on the water content
within the PEMs. As the water content increases, the prevailing mechanism transitions from the

surface to the vehicle, and ultimately to the Grotthuss mechanism. (6% 6]
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Figure 1.4. Simplified schematic representation of proton conduction in hydrated proton exchange

membranes. Reproduced with permission from Ref. [64]. Copyright 2012 Elsevier.

Due to the dependency on the water molecules, proton conduction typically occurs in the
hydrated ionic domains, thus the interconnectivity of the hydrophilic nanochannels is the
decisive factor for proton conductivity. [ %] In a pioneering work, Kreuer performed a
comparative analysis of the microscopic morphology of Nafion and sulfonated polyetherketone
(SPEEKK) by small-angle X-ray scattering (SAXS). [©! As depicted in Figure 1.5, a
pronounced hydrophilic-hydrophobic phase separation morphology forms within Nafion, with
interconnected hydrophilic phases constructing wide proton transportation channels. This is
attributed to the significant difference in polarity between the highly hydrophobic
perfluorinated main chain and the strongly acidic perfluorosulfonic acid side chains, which
promotes the formation of well-defined microscopic morphology. Conversely, the
hydrocarbon-based backbone of SPEEKK displays weaker hydrophobicity and the acidity of
the aryl sulfonic acid groups is less pronounced, resulting in less-developed hydrophilic-
hydrophobic phase separation and narrow proton transport channels, which hinder effective

proton conduction.
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Figure 1.5. Schematic representation of the microscopic morphology of Nafion and sulfonated

polyetherketone. Reproduced with permission from Ref. [69]. Copyright 2001 Elsevier.

Therefore, strategically designing and optimizing the polymer architecture of the SPAEs and
constructing a well-developed microscopic morphology are imperative, thereby achieving

s. %711 The following

comparable or even superior performance to those of PFSA membrane
sections introduce several types of SAPEs with representative polymer architectures. The

nanoscale morphology is characterized by transmission electron microscope (TEM), atomic

force microscope (AFM), and small-angle X-ray scattering (SAXS).

1.4.2. Sulfonated Random Copolymers

In the early stages of PEMs development, sulfonated random copolymers were a focal point of

(72, 31 However, the distribution of the

interest due to their straightforward preparation.
hydrophilic and hydrophobic structural units is disorganized, and both the hydrophobicity of
the hydrocarbon-based polymer backbone and the acidity of the sulfonic acid groups are limited.

[74.751 This results in a less-developed hydrophilic-hydrophobic phase separation morphology.

Although appropriate monomer selection may lead to the formation of hydrophilic ionic
10



clusters, which are disorderly dispersed within the hydrophobic matrix and exhibit poor

connectivity, culminating in fabricated PEMs with inferior proton conductivity. 7]

Watanabe and Miyatake et al. investigated the impact of the size and structure of hydrophobic
structural units on the performance of sulfonated polyether random copolymer PEMs. ! The
result revealed an inverse relationship between the size of the hydrophilic microphase and the
size of the hydrophobic structural unit. As shown in Figure 1.6, compared to other hydrophobic
units, naphthalene was not only smaller but also more inclined to stack due to its planar structure,
thus fostering the formation of larger hydrophilic ionic clusters. Therefore, among the four
PEMs, the SPE4 exhibited the highest proton conductivity over a wide range of temperature

and relative humidity (RH) level.

SOsNa

O P ad
OOO

Figure 1.6. Chemical structure of sulfonated polyether random copolymers with different hydrophobic
structural units, and TEM images of (a) SPEL, (b) SPE2, (¢) SPE3, and (d) SPE4. Adapted with

permission from Ref. [77]. Copyright 2009 American Chemical Society.

Na and Wang et al. synthesized two types of sulfonated poly(arylene ether ketone sulfone)
random copolymers, namely SPEEKS and SPEEKKS, with 4,4’-difluorobenzophenone and

1,4-bi(4-fluorobenzoyl) benzene as non-sulfonated monomers, respectively. ’®) The aim was to
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investigate the relationship between the structure of the polymer backbone and the physical and
electrochemical behaviors of the prepared PEMs. As depicted in Figure 1.7, the distance
between hydrophilic ionic clusters in SPEEKKS-3 was larger than that of SPEEKS-3 at an
identical degree of sulfonation, attributed to the larger size of the hydrophobic structural unit
within the former. Consequently, SPEEKKS-3 indicated better mechanical strength. In contrast,
the higher density of ionic clusters improved the proton conductivity of SPEEKS-3.
Furthermore, an increase in the degree of sulfonation led to a noticeable aggregation of these
clusters from SPEEKS-3 to SPEEKS-5, which consequently enhanced proton conductivity

even further.
C(CH3)3 5 SO;Na C(CH3)3
preoo OO
Na:)_gs @ !
| e
e} (o] [}
OO0

SPEEKKS SPEEKS

A

(a) SPEEKKS-3 (b) SPEEKS-3 (c) SPEEKS-4

Figure 1.7. Chemical structure of sulfonated poly(arylene ether ketone sulfone) random copolymers with
different hydrophobic structural units, and TEM images of (a) SPEEKKS-3, (b) SPEEKS-3, (c¢)
SPEEKS-4, and (d) SPEEKS-5. Adapted with permission from Ref. [78]. Copyright 2009 John Wiley

and Sons.

1.4.3. Sulfonated Block Copolymers

Sulfonated block copolymers are composed of alternating hydrophilic and hydrophobic chain
segments, thus enabling forming a well-defined microphase separation morphology between

the hydrophilic and hydrophobic domains. [ # By manipulating parameters such as

12



dissimilarity, chain length, and volume ratio of each block, the microscopic morphology of the
sulfonated block polymer is readily regulated. The fabricated PEMs typically demonstrate

81.821 However, the synthesis

superior proton conductivity, even under low relative humidity.
process involved in this type of polymer is considerably complicated, necessitating the
preparation of oligomers with varying molecular weights prior to polymerization, inducing

significant consumption of time and cost. (¥ 84

McGrath and his colleagues synthesized two types of hydrophobic oligomers end-capped with
hexafluorobenzene (BPSO-HFB) and decafluorobiphenyl (BPSO-DFBP), respectively, as
illustrated in Figure 1.8. [**! Given the high reactivity of perfluorinated aromatic compounds in
nucleophilic aromatic substitution reaction, the ensuing coupling reaction with hydrophilic
oligomer (BPS-100) may proceed at a relatively low temperature (80 °C). This process
effectively avoided side reactions such as ether-ether exchange reaction. The synthesized
sulfonated poly(arylene ether sulfone) multi-block copolymers for PEMs, BPSO-HFB-BPS100
and BPS0-DFBP-BPS100, both exhibited a pronounced microphase separation morphology
and coherent proton transportation channels. The incorporation of fluorine not only intensified
the hydrophobicity of the polymer backbone but also heightened the acidity of the sulfonic acid
groups. Both fabricated PEMs demonstrated outstanding proton conductivity within an RH
range of 30-100%. Noteworthy, the proton conductivity of BPSO-DFBP-BPS100 slightly

exceeded that of BPSO-HFB-BPS100 at a similar IEC level, due to the higher fluorine content.

13
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Figure 1.8. Chemical structure of hydrophobic (BPS0-HFB and BPS0-DFBP) and hydrophilic (BPS100)
oligomers, and AFM images (tapping mode) of sulfonated poly(arylene ether sulfone) multi-block
copolymers (a) BPSO-HFB-BPS100 and (b) BPSO-DFBP-BPS100. Adapted with permission from Ref.

[85]. Copyright 2009 Elsevier.

This group further explored the impact of block length on the properties of sulfonated multi-
block copolymer PEMs, with the results indicated in Figure 1.9. 36371 Decafluorobiphenyl was
incorporated in hydrophobic oligomer (BisSF), with the aim to enhance the hydrophobicity of
the polymer backbone. As the length of hydrophilic and hydrophobic blocks increased, the
microphase separation between these two regions became more pronounced, and the
connectivity between the hydrophilic regions tightened. Lengthening the hydrophilic block
tended to elevate the proton conductivity of the PEMs, while extending the hydrophobic block

exhibited a counteracting effect. Ultimately, the BisSF-BPS100 (17K-12K) achieved optimal
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performance, surpassing the commercial Nafion 112 membrane.
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Figure 1.9. Chemical structure of hydrophobic (BisSF) and hydrophilic (BPS100) oligomers, and AFM
images (tapping mode) of sulfonated poly(arylene ether sulfone) multi-block copolymers (a) BisSF-
BPS100 (5K-5K), (b) BisSF-BPS100 (7K-7K), (¢) BisSF-BPS100 (17K-12K), and (d) BisSF-BPS100

(25K-16K). Adapted with permission from Ref. [86]. Copyright 2009 John Wiley and Sons.

In a similar research, Jannasch and his team analyzed the influence of the hydrophobic block
length on the properties of sulfonated multi-block copolymer PEMs. 3] As detailed in Figure
1.10, the sulfonic acid groups in the hydrophilic oligomer were attached to the ortho position
of the sulfonyl group, which created an electron-deficient environment, thereby enhancing the
acidity and stability of sulfonic acid groups. Considering that s1PAES-b/a possessed an
identical length of the hydrophilic block, the size of the hydrophilic region in the AFM images
remained nearly unchanged. However, as the length of the hydrophobic block diminished, the

size of the hydrophobic region notably contracted. The s1PAES-11k/10k exhibited the
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minimum volume fraction of the hydrophobic phase and the highest IEC value, yielding

superior proton conductivity to commercial Nafion 212.
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Figure 1.10. Chemical structure of hydrophilic (s1PAES-b) and hydrophobic (f1PAES-a) oligomers, and
AFM phase images (tapping mode) of sulfonated poly(arylene ether sulfone) multi-block copolymers (a)
sIPAES-11k/19k, (b) s1PAES-11k/14k, and (c) s1PAES-11k/10k. Adapted with permission from Ref.

[88]. Copyright 2012 John Wiley and Sons.

1.4.4. Densely Sulfonated Copolymers

Densely sulfonated copolymers represent a class of polymers featuring the attachment of more

89.901 The strong polarity

than two sulfonic acid groups to a single structural aromatic unit.
contrast between the hydrophilic and hydrophobic units promotes the formation of a
pronounced microphase separation morphology, even when these units are randomly

distributed along the polymer backbone, the proton conductivity of fabricated PEMs is

significantly enhanced. 1%
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Ueda et al. synthesized a series of densely sulfonated poly(ether sulfone) (SPES) random
copolymers for PEMs, with eight sulfonic acid groups attaching to a single structural unit. %
As displayed in Figure 1.11, the strong polarity contrast between the hydrophilic and
hydrophobic units promoted the development of well-developed microphase separation.
Moreover, one of the fabricated PEMs, SPES-5b with an IEC value of 2.03 meq g
demonstrated a remarkable proton conductivity. Even though the RH reduced to 30%, its proton

conductivity remained in the same order of magnitude as that of commercial Nafion 117.

HOsS  SOH

SPES

Figure 1.11. Chemical structure of densely sulfonated poly(ether sulfone) random copolymers, and (a)
AFM tapping phase image and (b) cross-section TEM image of SPES-5b. Adapted with permission from

Ref. [94]. Copyright 2009 American Chemical Society.

Hay and Meng et al. prepared two types of sulfonated poly(aryl ether) (SPAE) random
copolymer PEMs, each featuring nanoclusters endowed with either 6 or 12 sulfonic acid groups,
as illustrated in Figure 1.12. ] At an equivalent IEC level, a more distinctive hydrophilic-
hydrophobic phase separation morphology along with enlarged hydrophilic ionic clusters was

observed from the TEM image of the SPAE-3b. Thus, the proton conductivity of SPAE-3b was
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approximately 20% superior to that of SPAE-3a. These results demonstrated that enhancing the
densification degree of sulfonic acid groups within a single structural unit promoted the
formation of better microscopic morphology, consequently boosting the proton conductivity of

PEMs.
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Figure 1.12. Chemical structure of densely sulfonated poly(aryl ether) random copolymers, and TEM
images of (a) SPAE-3a and (b) SPAE-3b. Adapted with permission from Ref. [95]. Copyright 2009

American Chemical Society.

Watanabe and Miyatake et al. combined the strategies of densely sulfonated and multi-block,
resulting in the development of a type of densely sulfonated poly(arylene ether sulfone ketone)
multi-block copolymers for PEMs, as depicted in Figure 1.13. ¢! Compared with the
conventional sulfonated multi-block copolymers previously synthesized by this team, the novel
PEMs exhibited an enhanced hydrophilic-hydrophobic microphase separation morphology and
improved proton conductivity. These results underlined the effectiveness of escalating the
sulfonation density. By maintaining the dimension of the hydrophobic block constant and

elevating the size of the hydrophilic block, the size of the hydrophilic microphase was
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effectively increased, which thus elevated the proton conductivity of PEMs. However, when
the sizes of both hydrophilic and hydrophobic blocks were simultaneously increased, while
keeping their ratio constant, this approach also enlarged the hydrophilic microphase, but
disrupted the continuity of the hydrophobic microphase, leading to a decrease in the mechanical
strength of PEMs. As a result, the polymer X30Y8 performed optimal performance, achieving
proton conductivity surpassing that of commercial Nafion 212 across a range of 30%-90% RH

at 80 °C.
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Figure 1.13. Chemical structure of densely sulfonated poly(arylene ether sulfone ketone) multi-block
copolymers, and TEM images of (a) X30Y4, (b) X30Y8, (c) X60YS, and (d) X60Y16. Adapted with

permission from Ref. [96]. Copyright 2010 American Chemical Society.

1.4.5. Sulfonated Graft Copolymers

Inspired by the chemical structure of PFSA polymers, sulfonated graft polymers are synthesized
by attaching sulfonic-acid-groups-functionalized aromatic or aliphatic side chains to the
physically and chemically stable main chain. - °*! The separated arrangement of hydrophilic
and hydrophobic sequences contributes to the formation of a well-defined microphase
separation morphology, which is readily modifiable by regulating the length, rigidity, and

[99

periodicity of the side chains. P The length and rigidity of the side chains impact the size of
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the hydrophilic phase, while the grafting frequency of the side chains determines the count of

hydrophilic ionic clusters per unit volume, [0 101]

Guiver and Lee et al. synthesized a series of poly(arylene ether sulfone) (PAES) random
copolymers grafted with sulfonated (polyphenylene oxide) (SPPO) side chains for PEMs, as
depicted in Figure 1.14. 1% The results of TEM presented a distinct microphase separation
morphology between the hydrophobic phase constituted by the PAES main chain and the
hydrophilic phase formed by the SPPO side chains. Enlarging the side chain size and increasing
the grafting frequency both expanded the hydrophilic microphase, thereby constructing
interconnected channels for proton transportation and enhancing proton conductivity. The X5-
Y 14 exhibited superior proton conductivity, outperforming Nafion 112 across an RH range of
30% to 90% at 90 °C. Noteworthy, the impact of elevating the grafting frequency was more
pronounced. Under similar IEC values, the proton conductivity of X5-Y9 markedly exceeded

that of X3-Y14.
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Figure 1.14. Chemical structure of poly(arylene ether sulfone) random copolymers grafted with
sulfonated poly(phenylene oxide)s, and TEM images of (a) X5-Y6, (b) X5-Y9, (¢) X3-Y14, and (d) X5-

Y 14. Adapted with permission from Ref. [102]. Copyright 2011 John Wiley and Sons.
20



Flexible alkyl side chains, as compared to rigid aromatic counterparts, may effectively promote
the aggregation of sulfonic acid groups, thus forming hydrophilic channels with remarkable
connectivity. A series of poly(phenylene ether ketone) multi-block copolymers featuring
flexible sulfoalkyl side chains for PEMs was prepared by Wang and Zhang et al., as shown in
Figure 1.15. ') The MNy-SO;H exhibited enhanced hydrophilic-hydrophobic microphase
separation morphologies than the analogous random copolymer. Concurrent augmentation in
the length of hydrophilic and hydrophobic blocks, while maintaining their ratio constant, a
tendency to expand both the hydrophilic and hydrophobic phases was observed. If the length
of the hydrophilic block remained unchanged while the hydrophobic block was lengthened, the
size of the hydrophobic phase expanded and those of the hydrophilic phase diminished. In the
end, irrespective of the diverse chemical composition ratios among the three copolymers, they
all demonstrated outstanding proton conductivity, exceeding that of Nafion 212 in a range of

30%-95% RH at 80 °C.
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Figure 1.15. Chemical structure of poly(phenylene ether ketone) (MxN,-SO3;H) multi-block copolymers
grafted with sulfoalkyl side chains, and TEM images of (a) sulfonated random copolymer, (b) MoN;s-
SOsH, (¢) MyN1o-SO3H, and (d) M2N5-SOsH. Adapted with permission from Ref. [103]. Copyright

2016 Royal Society of Chemistry.
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The combination of graft and densely sulfonated strategies also yields beneficial results. Pang’s
group synthesized two types of poly(arylene ether) random copolymers with sulfonated
tetraarylmethane (SPAE-x) and sulfonated hexaarylbenzene (SP-20) as side chains, respectively,
as illustrated in Figure 1.16. "% In the relevant SAXS profiles, all the polymer PEMs displayed
similar characteristic scattering peaks to that of Nafion 117, indicating the construction of a
well-defined hydrophilic-hydrophobic phase separation morphology. Furthermore, the
characteristic separation length of the SPAE-x was higher than that of SP-20, presumably due
to the formation of larger hydrophilic ionic clusters resulting from the higher sulfonation
density within a single structural unit. Therefore, the SPAE-15 exhibited better proton
conductivity than the SP-20 with a similar IEC level. Additionally, under a fully hydrated state,

the proton conductivity of SPAE-18 was approximately 20% higher than that of Nafion 117.
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Figure 1.16. Chemical structure of two types of poly(arylene ether) random copolymers featuring
densely sulfonated sides chains and the relevant SAXS profiles. Adapted with permission from Ref. [104].

Copyright 2015 Royal Society of Chemistry.
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1.4.6. Crosslinked Sulfonated Copolymers

To ensure the long-term operation of PEMFCs, several essential characteristics are required for
PEMs, including robust oxidation stability, mechanical performance, and stable dimensions

105, 106] Crosslinked sulfonated

following water absorption without significant variations. |
copolymers enhance these performances by incorporating strengthened interactions between
polymer chains, such as covalent bonds. '°) However, the restriction of polymer chain mobility
may disrupt the phase separation between hydrophilic and hydrophobic domains and the
formation of continuous proton transportation channels, thereby compromising proton

108,109} Currently, no universally optimal solution has been identified. Therefore,

conductivity. [
it is imperative to select appropriate crosslinkers, degree of crosslinking, and crosslinking
methods, based on the distinctive structures of copolymers to improve stability and mechanical
performance while sustaining or even augmenting proton conductivity. Moreover, crosslinked
sulfonated copolymers are insoluble in organic solvents, which limits the recycling or

reprocessing of this type of copolymer. (119 111]

Wang and Chen et al. utilized sulfonated poly(arylene ether sulfone) (SPAES) oligomers as
crosslinkers to react with poly(arylene ether ketone) (PAEK) random copolymers containing
active side groups, thereby synthesizing a series of crosslinked PAEK(a/b)-SPAES(m)
copolymers for PEMs. "2l As depicted by TEM images in Figure 1.17, by preserving the molar
ratio of PAEK repeating units connected with crosslinkers, while extending the length of
SPAES, both the IEC values and the size of the hydrophilic phase increased. In contrast,
maintaining the SPAES length constant and reducing the proportion of repeating units

connected by crosslinkers triggered a reverse trend. Despite all the crosslinked copolymer
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PEMs displaying superior dimensional stability compared to the analogous linear copolymer,
their proton conductivity was deficient. Only the proton conductivity of PAEK(1/5)-SPAES(15)

matched the level observed prior to crosslinking.

Hydrophobic polymer backbone: PAEK(a/b)
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Figure 1.17. Chemical structure of poly(arylene ether ketone) random copolymers crosslinked by
sulfonated poly(arylene ether sulfone) oligomers, and AFM images (tapping mode) of (a) PAEK(1/3)-
SPAES(S), (b) PAEK(1/3)-SPAES(10), (¢) PAEK(1/5)-SPAES(10), (d) PAEK(1/5)-SPAES(15), (e)
PAEK(1/7)-SPAES(10), and (f) PAEK(1/7)-SPAES(15). Adapted with permission from Ref. [112].

Copyright 2011 John Wiley and Sons.

Lee and Hong et al. fabricated four semi-interpenetrating polymer network PEMs composed of
crosslinked poly(2,6-dimethyl-1,4-phenylene oxide) (PPO) and linear sulfonated PPO (SPPO),
in which the crosslinked PPO was synthesized by thermally crosslinking with four distinct types
of epoxy resin crosslinkers. '3 As illustrated in Figure 1.18, given an identical degree of
crosslinking, the size of the hydrophilic ionic clusters formed by BDE-0.5 was smaller. This is

due to the ability of aliphatic crosslinkers to develop a denser hydrophobic skeleton, limiting
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the mobility of SPPO. Conversely, aromatic crosslinkers formed a looser hydrophobic skeleton,

promoting the aggregation of SPPO. As a result, the hydrophilic ionic clusters of RDE-0.5,

BADE-0.5, and PBAE-0.5 were significantly larger, becoming gradually sparse with the

increasing length of the crosslinker. The BDE-0.5 displayed better connectivity of the

hydrophilic phase, leading to the best proton conductivity. Furthermore, the oxidative and

dimensional stability of all crosslinked PEMs improved as the degree of crosslinking increased.

However, proton conductivity peaked at a crosslinking degree of 0.2, exceeding that of the

linear counterpart, before showing a gradual decline.
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Figure 1.18. Chemical structure of linear sulfonated PPO and crosslinked PPO featuring four types of
crosslinkers, and TEM images of (a) BDE-0.5, (b) RDE-0.5, (¢) BADE-0.5, and (d) PBAE-0.5. Adapted

with permission from Ref. [113]. Copyright 2013 Elsevier.

Lee’s research group incorporated acetylene groups onto the termini of linear sulfonated
poly(phenylene sulfide nitrile) random copolymers. Subsequently, a series of crosslinked
copolymer PEMs (XESPSN-#) was prepared through the thermal crosslinking of the end groups

114

during the membrane formation process, as shown in Figure 1.19. 'l Compared to the
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analogous linear copolymer, ESPSN50, all crosslinked copolymers displayed more well-
defined microscopic morphology, and the size of the hydrophilic phase expanded with
increasing IEC values. At similar [EC values, XESPSN50 surpassed ESPSN50 in proton
conductivity, dimensional stability, oxidative stability, and mechanical properties. Notably, the
proton conductivity of XESPSN-70 was considerably higher than that of Nafion 212 across an

RH range of 30% to 100% at 80 °C.
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Figure 1.19. Chemical structure of crosslinked sulfonated poly(phenylene sulfide nitrile) copolymers,
and TEM images of (a) ESPSN50, (b) XESPSN50, (¢) XESPSN60, and (d) XESPSN70. Adapted with

permission from Ref. [114]. Copyright 2012 Royal Society of Chemistry.

1.4.7. Branched Sulfonated Copolymers

Introducing a small molar fraction of tri-functional monomer to a regular polymerization
process enables the transformation of polymer architecture from linear chains to a macroscopic

151 The resultant branched sulfonated copolymers exhibit a

network of polymer branches. [
three-dimensional macromolecular structure similar to crosslinked sulfonated copolymers,

leading to the enhancement of oxidative stability and dimensional stability of fabricated PEMs.

Furthermore, these polymers retain the characteristics of linear sulfonated copolymers, such as
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desirable solubility in common organic solvents and well-defined microscopic morphology. [

71 Due to the increased free volume compared to their linear counterparts, branched sulfonated
copolymers typically exhibit higher water absorption, consequently improving proton

[118, 119

conductivity. | Despite the promising potential of branched sulfonated copolymers

demonstrated, the related research remains limited as of now.

Wang’s research group investigated the effect of various B3 monomers, acting as branching
agents, on the degree of branching (DB) of the resultant branched sulfonated copolymers. The
results revealed that employing B3 monomers equipped with long and rigid arms enhanced the
DB values along with preventing macroscopic crosslinking during the polymerization process.
Consequently, a series of branched sulfonated poly(fluorenyl ether ketone sulfone) copolymers
featuring different DB values was synthesized, as illustrated in Figure 1.20. [/ The fabricated
PEMs showed an increase in water uptake, proton conductivity, dimensional stability, and
oxidative stability with the rise in DB values, outperforming the analogous linear sulfonated
copolymer. Notably, the PEM with the maximum DB (10%) demonstrated a well-defined
hydrophilic-hydrophobic phase separation morphology in the AFM image, achieving superior

proton conductivity to Nafion 117 under a fully hydrated condition.

p\ GO

X =CO or SO,

Figure 1.20. Chemical structure of branched sulfonated poly(fluorenyl ether ketone sulfone) copolymers,

and the AFM image (tapping mode) of the PEM with a DB value of 10%. Adapted with permission from
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Ref. [120]. Copyright 2014 Elsevier.

Subsequently, this team prepared two types of branched sulfonated block poly(arylene ether)
copolymer PEMs, referred to as P1 and P2. P1 comprised the hydrophilic block enveloped by
the hydrophobic block, whereas, in P2, the arrangement was reversed. (12! As displayed in
Figure 1.21, both PEMs presented pronounced microscopic morphology. With identical DB
values and similar IEC values, the hydrophilic block of P2 characterized better mobility,
facilitating the connectivity of the hydrophilic domains, thereby leading to improved proton
conductivity. In contrast, P1 exhibited greater dimensional and oxidative stability compared to

P2, attributed to the shielding of the hydrophilic block by the surrounding hydrophobic block.
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Figure 1.21. Chemical structure of two types of branched sulfonated block poly(arylene ether)

copolymers, and AFM images (tapping mode) of (a) P1 and (b) P2. Adapted with permission from Ref.

[121]. Copyright 2015 Elsevier.

Wang and his colleagues further synthesized a class of branched sulfonated poly(arylene ether

sulfone) copolymers grafted with flexible sulfoalkyl side chains (SPAES-side). ['*?! Compared
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with the analogous branched copolymers with sulfonic acid groups directly attached to the main
chain (SPAEKS-main), the flexible side chains enhanced the mobility of the sulfonic acid
groups, promoting the formation of interconnected hydrophilic phases. As illustrated in Figure
1.22, the size of the hydrophilic phase of the SPAES-side substantially exceeded that of the
SPAEKS-main, resulting in superior proton conductivity. Furthermore, the flexible side chains,
by increasing the chain entanglement, also heightened the dimensional stability, oxidative

stability, and mechanical strength of the SPAES-side, surpassing that of the SPAEKS-main.

OOk 1 3 -O+0-OLO1,
O RR

SO
p R = OCH,CH,CH,CH,SO;H

Figure 1.22. Chemical structure of branched sulfonated poly(arylene ether sulfone) copolymers grafted
with sulfoalkyl side chains, and TEM images of (a) SPAEKS-main and (b) SPAES-side. Adapted with

permission from Ref. [122]. Copyright 2016 Royal Society of Chemistry.
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2. Motivation

Sulfonated aromatic polymers represented by sulfonated poly(arylene ether)s have been
investigated as potential alternatives to PFSA polymers. However, most PEMs composed of
these polymers are typically trapped in a trade-off between proton conductivity, dimensional
stability, and durability. Introducing a branching architecture into the polymer emerges as a

promising structural solution to it.

The present work explores the structure-property relationship of branched sulfonated aromatic
polymer PEMs, with the aim of achieving superior performance to that of PFSA membranes
through the optimization of structural design. Specifically, based on branched poly(arylene
ether ketone sulfone) as the polymer skeleton, the impacts of three factors on the properties of
PEMs are investigated: (i) the contents of branching sites and sulfonic acid groups, (ii) the
positions of the sulfonic acid groups within the polymer architecture, and (iii) the linkage of the

sulfonic acid groups to the polymer backbone.

The contents of the branching sites and sulfonic acid groups, the two most fundamental and
crucial parameters for branched sulfonated polymers, are generally represented by the degree
of branching (DB) and ion exchange capacity (IEC), respectively. In Chapter 3, two series of
branched sulfonated poly(arylene ether ketone sulfone)s with varying DB and IEC values,
respectively, are synthesized to investigate their effects and accordingly pave the way for
subsequent research. The properties of the prepared PEMs are systematically investigated and
compared with their linear counterpart and a commercially available PFSA membrane, i.e.,

Nafion 117.
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With the objective of studying the effect of sulfonic acid groups positioning within the branched
polymer architecture, Chapter 4 presents the synthesis of a series of branched poly(arylene
ether ketone sulfone)s containing ultra-densely sulfonated branched centers. The properties of
the fabricated PEMs are thoroughly investigated and compared with the analogous polymer
featuring sulfonated branched arms, with part key data from Nafion 117 also included for

reference.

Building on the results from the preceding two chapters, Chapter 5 aims to surpass the fuel
cell performance of PFSA membranes. To accomplish this, a series of branched poly(arylene
ether ketone sulfone)s bearing sulfobutyl side chains is synthesized, with the mobility of
sulfonic acid groups improved by the flexible alkyl chains. Various properties of the obtained
PEMs, particularly proton conductivity and H»/air single-cell performance, are investigated and

compared to those of Nafion 117.
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3. Branched poly(arylene ether ketone sulfone)s containing
sulfonated tetraarylmethane wunits for proton exchange

membranes: Effects of degree of branching and ion exchange

capacity

Branching site
®

Clustered sulfonic acid groups

Ion exchange capacity

This chapter and the corresponding parts in the experimental section are adapted with permission from
Ref. ['?)): Yunji Xie, Anna Ringuette, Di Liu, Jinhui Pang, Hatice Mutlu, Dominik Voll, and Patrick
Théato®. Sulfonated branched poly(arylene ether ketone sulfone) proton exchange membranes: Effects
of degree of branching and ion exchange capacity, European Polymer Journal, 2023, 186, 111837.

Copyright 2023 Elsevier.
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3.1. Introduction

Branched sulfonated aromatic polymers have risen as a promising option for PEMs, many
reports have achieved excellent performance by regulating the molar ratio of branching
monomer (typically a tri-functional group monomer) during the polymerization, which is
donated as the degree of branching (DB). However, most studies have overlooked another
critical factor, i.e., the ion exchange capacity (IEC), which represents the accessible number of
sulfonic acid groups within the PEMs, directly determining various properties. !'>! Therefore,
a systematical comparison and discussion regarding the effects of DB and IEC values on

branched sulfonated aromatic polymer PEMs is highly required.

Poly(arylene ether ketone sulfone), a subclass of poly(arylene ether)s, has been demonstrated
to serve as an excellent backbone for branched polymers. Wang’s group developed a type of
branched poly(arylene ether ketone sulfone) that incorporates sulfonated fluorenyl. The
prepared PEM, with a maximum DB of 10%, exhibited superior proton conductivity (0.42 S
cm™), limited swelling change (16.2 %), and outstanding chemical stability (immersion in
Fenton’s reagent for more than 300 min without breakage) at 80 °C. ['*! Furthermore, as
introduced previously, among various structural strategies aiming to form well-defined
microscopic morphology, densely sulfonated copolymers are comparatively straightforward in
synthesis and readily combined with other structures. Hence, with branched poly(arylene ether
ketone sulfone) containing densely sulfonated structural units as the fundamental architecture,

investigating the effects of DB and IEC values is meaningful.

3.2. Strategy

In this chapter, a trifluoride monomer and a tetraarylmethane bisphenol monomer were
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synthesized and subsequently copolymerized with 4,4’-difluorobenzophenone and 4,4’-

dihydroxydiphenylsulfone, followed by post-sulfonation. By adjusting the molar ratio of these

two monomers during the polymerization, two series of branched sulfonated poly(arylene ether

ketone sulfone)s with different DB and IEC values, respectively, were prepared. In addition,

the sulfonated tetraarylmethane units form a densely sulfonated structure. Various properties

of prepared PEMs including water uptake, swelling ratio, microscopic morphology, proton

conductivity, thermal and oxidative stability, mechanical properties, and H»/air single-cell

performance were investigated, and further compared to those of the analogous linear

sulfonated polymer PEM and a commercially available PFSA membrane, i.e., Nafion 117.

3.3. Results and Discussion
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Scheme 3.1. Synthesis of (a) branching monomer a and (b) monomer b. Adapted with permission from

Ref. [123]. Copyright 2023 Elsevier.

3.3.1. Synthesis of Monomers

The synthetic routes of branching monomer a and tetraarylmethane monomer b are depicted in

Scheme 3.1. A Friedel-Crafts reaction between 1,3,5-benzenetricarbonyl trichloride and

[124

fluorobenzene was conducted to produce branching monomer a. 'Y And the monomer b was
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afforded by an aromatic electrophilic substitution of phenol with 4-methoxytriphenylmethyl

[125] None of the above synthesis steps

chloride, followed by a demethoxylation reaction.
involved complex reactions, and the resulting yields were considerably high, exceeding 80%.
The chemical structures of branching monomer a, compound 1, and monomer b were
confirmed by "H NMR spectroscopy. As shown in Figure 3.1, the integral area ratio of peaks
of branching monomer a at 8.24 ppm (Hi), 7.93-8.01 ppm (H>), 7.41-7.49 ppm (H3) was 1: 2:
2, revealing the Friedel-Crafts reaction proceeded successfully. Moreover, the peak of the
methoxy group at 3.72 ppm had vanished completely from compound 1 to monomer b, and the
integral area of the peak representing the hydroxyl group significantly increased, indicating that

the methoxy group was successfully converted to the hydroxyl group.

Branching
monomer a

Compound

pegom

Monomer b

| N B A A L L L A A L |
86 84 82 80 78 76 74 72 70 68 6.6 064

ppm
Figure 3.1. 'H NMR spectra (DMSO-ds) of branching monomer a, compound 1, and monomer b.

Adapted with permission from Ref. [123]. Copyright 2023 Elsevier.

3.3.2. Synthesis of Copolymers

As depicted in Scheme 3.2, branched and linear poly(arylene ether ketone sulfone)s were
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successfully synthesized by conventional nucleophilic polycondensation, donated as “B-x-
PAEKS-y” and “L-PAEKS-307, respectively, with x representing the DB, which was calculated
from the molar ratio of branching monomer a to the employed bisphenol monomers, ranging
from 5% to 10% (Table 3.1), and y and 30 representing the molar ratio of monomer b to the
employed bisphenol monomers, ranging from 25% to 35%. The ceiling DB value of B-x-
PAEKS-y copolymers was determined as 10% because a higher than 10% DB resulted in

macroscopic crosslinking during polymerization. 2%

. Q O Q
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Scheme 3.2. Synthesis of branched copolymers (B-x-PAEKS-y, B-x-SPAEKS-y) and linear copolymers
(L-PAEKS-30 and L-SPAEKS-30), with x and y representing the molar ratio of branching monomer a
and monomer b to the employed bisphenol monomers, respectively. Adapted with permission from Ref.

[123]. Copyright 2023 Elsevier.

The chemical structures of the copolymers were verified by '"H NMR spectroscopy as shown in

36



Figure 3.2. A characteristic peak belonging to branching monomer a was observed at 8.23-8.31

ppm (H)) in the spectra of B-x-PAEKS-y when compared with L-PAEKS-30. According to the

integral area ratios of peaks at 8.23-8.31 ppm (H;), 7.83-7.91 ppm (Hs or Hs’), 7.68-7.83 ppm

(Ho, 12 or Hi2, 127), and 6.82-6.94 ppm (Hs or He’), the compositions of B-x-PAEKS-y and L-

PAEKS-30 were confirmed. Indeed, the results were nearly consistent with the initial feeding

ratios, indicating that the branching monomer a was quantitatively incorporated into the B-x-

PAEKS-y.

" "t B-7.5-PAEKS-35

o]

Card- N \ J\"\
; E OOQ ' ?%-?5-]’;\[KS-}U}“\LJJ\’\,\7 \\J \\/‘L, -

L-PAEKS-30

4,11, 11"
512, 12" 7-10'

L-PAEKS-30 M C”“*M

. . .
O O T T T T T T T T T 1
8.4 8.2 8.0 7.8 7.6 7.4 7.2 7.0 6.8 6.6

ppm

Figure 3.2. 'H NMR spectra (CDCl3) of B-x-PAEKS-y and L-PAEKS-30. Adapted with permission from

Ref. [123]. Copyright 2023 Elsevier.

The B-x-PAEKS-y exhibited similar solubility with L-PAEKS-30, as both dissolved well in N-

methyl-2-pyrrolidone (NMP), N, N-dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO),

and chloroform, demonstrating that no macroscopic crosslinking had occurred. Nonetheless,

upon filtering these polymer solutions with 0.45 pm organic phase syringe filters, the B-x-

PAEKS-y exhibited resistance to passing through the filters, which was not observed from the

L-PAEKS-30. The underlying reason is the enlarged volumetric size of the branched polymer
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compared to the linear polymer in solution, resulting from the presence of the branching
architectures. Consequently, to accurately characterize the integral molecular weights of
copolymers without losing any possible parts, size exclusion chromatography (SEC) was
dismissed in favor of viscosity measurements. For this, the copolymers were dissolved in NMP
and filtered using G4 glass sand core funnels with an average pore diameter between 5-15 um.
This method allowed for smooth passage of the polymer solutions and remove potential
impurities such as dust. The inherent viscosities of the copolymers were in the range of 0.71-
1.03 dL g, as listed in Table 3.1, proving that copolymers with high molar weights were

obtained.

3.3.3. Sulfonation of Copolymers

The post-sulfonation of copolymers was conducted with chlorosulfonic acid, a milder

1261 and the resulting branched and linear

sulfonation reagent than concentrated sulfuric acid, !
sulfonated copolymers were named “B-x-SPAEKS-y”” and “L-SPAEKS-30”, respectively. The
sulfonation reaction occurred selectively on the tetraarylmethane units due to their electron-
rich nature, forming a densely sulfonated structure (more than two sulfonic acid groups within
a single structural unit), while the remaining polymer skeleton was protected by the strong
electron-withdrawing effect of carbonyl and sulfonyl groups. "% The conditions of the
sulfonation reaction were elaborately controlled to realize an approximately identical degree of
sulfonation (DS) among the sulfonated copolymers. For this, the molar ratio of chlorosulfonic
acid to tetraarylmethane unit was kept constant at 16 to 1, and the sulfonation time at ambient

temperature was slightly extended as the DB value increased. Most importantly, the sulfonation

time of all copolymers had to be limited to less than 3 h, otherwise, an insoluble gel tended to
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form, similar phenomenon is also reported in other literature, '?”- 128) which is presumably due

to the formation of the sulfone bridge between polymer chains 53197,

The 'H NMR spectra of B-x-SPAEKS-y and L-SPAEKS-30 are depicted in Figure 3.3,
attributing to the introduction of sulfonic acid groups, the new peaks of protons locating in the
ortho position of sulfonic acid groups arose at 7.53-7.63 ppm (Hy or Hy-) and 7.72-7.91 ppm
(Hs or Hyg’) (overlapped). Since the composition of the copolymers had been confirmed, the DS
values were calculated by the integral area ratios of signal peaks at 7.91-8.10 ppm (H», s or Hs'),
7.72-7.91 ppm (Hs, 12 or Hy', 12) and 7.53-7.63 ppm (Hy or Ho-). The obtained DS values ranged
from 77.6-79.6%, indicating that around 3 out of 4 aryl sites had been sulfonated on each
tetraarylmethane unit. The incomplete sulfonation of the tetraarylmethane unit might be caused
by insufficient sulfonation time ( <3 h). However, as stated above, the sulfonation time had

been optimized to its maximum, with crosslinking occurring once surpassing the upper limit.
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Figure 3.3. 'H NMR spectra (DMSO-ds) of B-x-SPAEKS-y and L-SPAEKS-30. Adapted with

permission from Ref. [123]. Copyright 2023 Elsevier.

The FT-IR spectra of B-x-SPAEKS-y and L-SPAEKS-30 copolymers were further analyzed,
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with the FT-IR spectrum of B-7.5-PAEKS-30 shown in Figure 3.4 for comparison. The
characteristic IR absorption band of the C=0 occurred at 1658 cm™!, and the band of sulfonic
acid groups (S=0) was observed at 1033 ¢cm™, indicating that the sulfonic acid groups were

successfully introduced to the sulfonated copolymers.
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Figure 3.4. FT-IR spectra of B-x-SPAEKS-y, L-SPAEKS-30, and B-7.5-PAEKS-30. Adapted with

permission from Ref. [123]. Copyright 2023 Elsevier.

All sulfonated copolymers exhibited good solubility in conventional polar solvents, such as
NMP, DMAc, and DMSQO, and no insoluble gel was observed. The inherent viscosity values
(0.84-2.03 dL g") of sulfonated copolymers were higher than those of corresponding

unsulfonated copolymers (Table 3.1), presumably owing to the polyelectrolyte effect.

3.3.4. Preparation of Membranes and Ion Exchange Capacity

The B-x-SPAEKS-y and L-SPAEKS-30 membranes with thicknesses of 40-50 um (Table 3.1)
were obtained by solution casting from DMAc, and subsequently immersed in 2 M H2SOs
aqueous solution for 12 h to fully protonate. The visual images of dry B-10-SPAEKS-30 and

L-SPAEKS-30 membranes at ambient temperature are representatively shown in Figure A.1
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(Appendix). The ion exchange capacity (IEC) values of B-x-SPAEKS-y and L-SPAEKS-30
membranes were evaluated by '"H NMR and acid-based titration, yielding IECtheo and IECrig,
respectively. As presented in Table 3.1, both demonstrated decent consistency, indicating most
of the sulfonated groups were successfully converted to proton form. Therefore, the IECtne, 1S
represented hereinafter as IEC. Owing to the same content of tetraarylmethane units and careful
control of sulfonation reaction conditions, the series of B-x-SPAEKS-30 and L-SPAEKS-30
membranes achieved a similar IEC level (1.66-1.72 meq g'). Whereas the IEC values of the
series of B-7.5-SPAEKS-y membranes elevated from 1.41 to 1.94 meq g with the increase of
sulfonated tetraarylmethane moieties. The effects of DB and IEC on the properties of PEMs
were evaluated and compared according to the behavior of these two series of membranes in

the following.

Table 3.1. Degree of branching, inherent viscosity, ion exchange capacity, thickness, and density of B-

x-SPAEKS-y and L-SPAEKS-30 membranes. Adapted with permission from Ref. [123]. Copyright 2023

Elsevier.

Membrane DB (%) n? IEC (meq &) Thickness!  Density®

(dL g" Theo® Titre (hm) (g em?)
L-SPAEKS-30 0 0.84 (0.71) 1.72 1.69 40+2 1.50 £0.04
B-5-SPAEKS-30 5 1.63 (0.73) 1.68 1.65 46 £2 1.34+£0.04
B-7.5-SPAEKS-30 7.5 1.85 (0.88) 1.67 1.63 49 +£2 1.13+0.05
B-10-SPAEKS-30 10 2.03 (1.03) 1.66 1.62 47+3 0.88 +0.03
B-7.5-SPAEKS-25 7.5 1.31 (0.84) 1.41 1.39 41+ 1 1.17 £ 0.04
B-7.5-SPAEKS-35 7.5 1.77 (0.63) 1.94 1.91 45+2 1.10+0.03
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2 The inherent viscosity of B-x-SPAEKS-y and L-SPAEKS-30, number in parenthesis represents that of
B-x-PAEKS-y and L-PAEKS-30.

b Calculated from the integrated area ratio of the signal peaks in 'H NMR.

¢ Obtained by acid-base titration.

4 Thickness of dry membrane.

¢ Density of dry membrane.

3.3.5. Water Uptake and Swelling Ratio

The generally accepted mechanisms of proton conduction in PEMs are mainly vehicle and
Grotthuss, and surface mechanisms, all relying on water molecules to proceed. ?*! Therefore,
sufficient water absorption of PEMs generally improves proton conductivity, while excessive
water content within membranes leads to considerable swelling variation. '*%! The water uptake
(WU) of B-x-SPAEKS-y and L-SPAEKS-30 membranes as a function of temperature is
depicted in Figure 3.5a and relative key data are summarized in Table 3.2. The WU curves of
all membranes increased with rising temperature, exhibiting a smooth trend from 20 to 80 °C
but a dramatic change above 80 °C. The enhancement of DB and IEC values also facilitated the
water absorption of the membranes, with this kind of positive effect intensifying as the
temperature elevated. Consequently, 80 °C was selected as a representative temperature for a
more intuitive comparison of the effects of DB and IEC on WU. Besides, 80 °C is the typical

operating temperature of PEMFCs, which is therefore most important to consider. [*!

The variations of WU with the DB and IEC values at 80 °C are shown in Figure 3.5b. As can
be observed, the WU of B-7.5-SPAEKS-y membranes rapidly rose from 24.6 to 65.1%,
accompanied by the IEC ranging from 1.41 to 1.94 meq g!, which is attributed to the increasing

number of accessible hydrophilic sulfonic acid groups inside the membrane. However, even
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though the L-SPAEKS-30 membrane possessed a slightly higher IEC (1.72 meq g') than B-x-
SPAEKS-30 membranes (1.66-1.68 meq g'), the branched copolymers membranes still
exhibited greater WU, and gradually increased with the growth of DB. The WU of the B-10-
SPAEKS-30 reached 43.3% at 80 °C, which was almost 1.5 times that of L-SPAEKS-30 with a
WU of only 30.0%. This tendency was presumably due to the formation of a larger free volume
within the membrane when the branching architecture increased, enabling it to hold more water.
[121] The densities of dry B-x-SPAEKS-30 and L-SPAEKS-30 (Table 3.1) further supported this
assumption, where those of B-x-SPAEKS-30 were significantly lower than that of the latter,
and an obvious decrease was displayed in the range of 1.34-0.88 g cm™ as the DB increased,

demonstrating the expansion effect of the branching architecture on the free volume.
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Figure 3.5. (a) Water uptake of B-x-SPAEKS-y and L-SPAEKS-30 membranes as a function of
temperature; (b) water uptake of L-SPAEKS-30 and B-x-SPAEKS-30 membranes as a function of the
degree of branching at 80 °C (left) and water uptake of B-7.5-SPAEKS-y membrane as a function of ion

exchange capacity at 80 °C (right). Adapted with permission from Ref. [123]. Copyright 2023 Elsevier.

The swelling variation of PEMs is an inevitable consequence caused by the water absorption,
and the unrestrained dimensional change results in a serious reduction of the mechanical

properties and durability of the PEMs, as well as worse compatibility with the catalyst layer of
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the electrode. (13! The swelling ratios (SRs) of B-x-SPAEKS-y and L-SPAEKS-30 membranes
in in-plane (IP), through-plane (TP), volume as functions of temperature were measured, and
the results are depicted in Figure 3.6a, Figure 3.6b, Figure 3.6¢, respectively, and part of key
data are summarized in Table 3.2. As expected, the trends of all curves were consistent with
WU behavior, which increased with the rising temperature. Interestingly, the effects of elevating
IEC on both SR-IP and SR-TP were the same, but the influences from the enhancement of DB

on the SR-IP and SR-TP were the opposite.
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Figure 3.6. (a) Swelling ratio-in plane, (b) swelling ratio-through plane, and (¢) swelling ratio-volume
of B-x-SPAEKS-y and L-SPAEKS-30 membranes as a function of temperature, respectively; (d) swelling
ratios in all the directions of L-SPAEKS-30 and B-x-SPAEKS-30 membranes as a function of the degree
of branching at 80 °C (left), and the swelling ratios in all the directions of B-7.5-SPAEKS-y membranes
as a function of on exchange capacity at 80 °C (right). Adapted with permission from Ref. [123].

Copyright 2023 Elsevier.
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The SR-IP and SR-TP of membranes as functions of DB and IEC at 80 °C, respectively, are
therefore compared in Figure 3.6d. The SR-IP and SR-TP of B-7.5-SPAEKS-y membranes
exhibited upward profiles in the range of 8.8-18.8% and 11.5-27.2%, respectively, when the
IEC rose from 1.41 to 1.94 meq g'. However, the SR-TP of L-SPAEKS-30 and B-x-SPAEKS-
30 membranes decreased from 19.4 to 15.8% with the increase of DB from 0 to 10%,
meanwhile, the SR-IP increased from 10.4 to 14.2%. The special tendency is derived from the
inhibiting effect of the branching architecture on the anisotropic dimensional change of PEMs.
The sulfonic acid groups aggregate regularly in sulfonated multi-block or densely sulfonated
linear polymers rather than random distribution, leading to the formation of a distinct
morphological orientation within the membrane, which thus results in the anisotropic
dimensional change, i.e., higher SR-TP than SR-IP. [!*> 134] However, the introduction of
branching architecture into the polymer reduces the orientation and then induces an isotropic
dimensional change of the membrane. The ratios of SR-TP to SR-IP of all the membranes at
80 °C are listed in Table 3.2. Among them, the L-SPAEKS-30 exhibited a strong anisotropy on
dimensional variation due to the occurrence of densely sulfonated tetraarylmethane units,
whereas the anisotropy of the B-x-SPAEKS-y was much weaker, and this phenomenon
aggravated with the increase of DB. Besides, the slight upward trend of the ratios in B-7.5-
SPAEKS-y is due to the larger amount of sulfonated tetraarylmethane units. Hence, the impacts

of DB on SR-IP and SR-TP were different from that of IEC.

The profiles of SR-volume with the change of DB and IEC at 80 °C are also displayed in Figure
3.6d. The SR-volume of B-7.5-SPAEKS-y presented a rapidly rising tendency from 32.0 to

79.5% over the whole IEC range, while the uptrend of L-SPAEKS-30 and B-x-SPAEKS-30 was
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relatively steady, with a range of 45.4-51.1%. Both curves performed similarly to their

corresponding WU, as shown in Figure 3.5b.

In summary, elevating DB and IEC both promote WU, which in turn enlarges the SR-IP and
SR-volume of the membranes. The significant difference is that increasing DB reduces the SR-
TP, leading the membranes towards isotropic swelling, whereas the augment of IEC remains
the anisotropic dimensional variation by expanding the SR-TP. Additionally, in comparison
with the WU and SRs of Nafion 117 at 80 °C listed in Table 3.2, the B-x-SPAEKS-y membranes

demonstrated comparable or even better water affinity and dimensional stability.

Table 3.2. Water uptake, swelling ratios in in-plane, through-plane, and volume, and anisotropic swelling
change of B-x-SPAEKS-y, L-SPAEKS-30, and Nafion 117 membranes. Adapted with permission from

Ref. [123]. Copyright 2023 Elsevier.

SR

WU (%)
Membrane 1P (%) TP (%) volume (%) TP/IP

25°C 80°C 25°C 80°C 25°C 80°C 25°C 8&0°C 80°C

23.5 30.0 7.8 10.4 15.0 19.4 33.6 45.4
L-SPAEKS-30 1.87
+04 £08 01 +02 =03 £04 +06 =£1.0

26.2 34.0 8.5 11.3 14.2 18.0 344 46.3
B-5-SPAEKS-30 1.59
+04 09 +02 +02 +03 +04 £09 =+£1.0

27.7 37.6 9.2 12.4 13.6 17.0 355 47.7
B-7.5-SPAEKS-30 1.37
+06 <£1.1 02 +02 +02 +£03 07 £09

29.6 433 10.1 14.2 13.1 15.8 37.1 51.1
B-10-SPAEKS-30 1.11
+08 16 02 03 =02 £03 +07 =£12

20.0 24.6 6.6 8.8 94 11.5 243 32.0
B-7.5-SPAEKS-25 1.31
+0.2 +0.5 +0.1 +0.2 +0.3 +0.2 +0.6 +0.7

40.2 65.1 13.5 18.8 19.9 27.2 54.5 79.5
B-7.5-SPAEKS-35 1.45
+1.4 +2.6 +0.3 +04 +0.5 +0.6 +1.5 +2.1

19.2 29.4 13.1 20.2 15.0 23.1 47.1 77.86
Nafion 117 -
+04 £09 +0.5 +0.6 +0.4 +0.7 +1.8 +2.8
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3.3.6. Microscopic Morphology

The microscopic morphology of PEMs is a decisive factor that affects the various macroscopic

properties including water absorption, dimensional change, and especially proton conductivity.

[135

morphology of B-x-SPAEKS-y and L-SPAEKS-30 membranes, which have been dried in
vacuum, and the results are displayed in Figure 3.7. All membranes exhibited obvious
characteristic scattering peaks, indicating the formation of a well-defined phase separation
between the hydrophilic phase composed of densely sulfonated tetraarylmethane moieties and
the hydrophobic phase formed by polymer backbone. ['3¢
i.e., the d value of each membrane is listed next to the scattering curves. As can be observed,

increasing DB and IEC resulted in the decline of the d value in the range from 6.30 nm to 5.66

nm and from 6.06 nm to 5.22 nm, respectively.

! Hence, small-angle X-ray scattering (SAXS) was utilized to analyze the nanoscale
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Figure 3.7. The small-angle X-ray scattering profiles of the L-SPAEKS-30, B-x-SPAEKS-30 (left), and

B-7.5-SPAEKS-y (right) membranes (stained with Pb 2*). Adapted with permission from Ref. [123].

Copyright 2023 Elsevier.
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To intuitively reveal the impact of DB and IEC on the microphase morphology of membranes,
transmission electron microscope (TEM) measurements were further conducted, and the
images are shown in Figure 3.8. The hydrophilic phase (dark region) in the shape of ionic
clusters was dispersed evenly throughout the membranes, and presented distinct phase
separation from the hydrophobic phase (bright region). [*! Furthermore, the size of ionic
clusters of L-SPAEKS-30 and B-x-SPAEKS-30 membranes gradually decreased with the
increase of DB value, leading to a denser distribution. This is presumably attributed to the
branching architecture hampering the aggregation of the hydrophilic phase, which reduces the
formation of larger ionic clusters. In contrast, the size of ionic clusters of B-7.5-SPAEKS-y
membranes remained nearly consistent, but the number of ionic clusters grew with an increase
of IEC, resulting in a closer arrangement as well. Although increasing DB and IEC exert
different influences on the state of the individual ionic clusters of two series of membranes, the

impact on the overall distribution trend was the same, thus inducing declined d value.

Figure 3.8. The transmission electron microscope images of (a) L-SPAEKS-30, (b) B-5-SPAEKS-30, (c)

B-7.5-SPAEKS-30, (d) B-10-SPAEKS-30, (e) B-7.5-SPAEKS-25, and (f) B-7.5-SPAEKS-35

membranes (stained with Pb 2*). Adapted with permission from Ref. [123]. Copyright 2023 Elsevier.
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3.3.7. Proton conductivity

Proton conductivity (o) is a crucial parameter for PEMs that affects the final performance of
the PEMFCs. 37 The proton conductivity measurements of B-x-SPAEKS-y and L-SPAEKS-
30 membranes were taken via the four-electrode AC impedance method, and the results as a
function of temperature are shown in Figure 3.9a, with all the curves presenting an upward
tendency as temperature increased. Selected key data is extracted and presented in Table 3.3,
and the proton conductivity of membranes as functions of DB and IEC values at 80 °C is further
depicted in Figure 3.9b. As can be observed, elevating DB and IEC both effectively improved
the proton conduction of membranes, which is due to the denser distribution of ionic clusters
and the higher WU. Typically, the hydrophilic phase expands after absorption of water, and the
water molecule acts as the carrier of the proton. 3®! Therefore, the membrane with a higher DB
or IEC is likely to form a more continuous proton transport channel, in which protons bind to
sufficient water molecules and thus enhancing transportation. However, despite B-10-SPAEKS-
30 with the highest DB exhibiting proton conductivity of 94.5 mS cm™ at 80 °C, such
performance was worse than that of Nafion 117 (122.0 mS cm™). Consequently, the B-7.5-
SPAEKS-35 membrane was the only membrane presenting satisfactory proton conductivity

(134.5 mS cm™), i.e., performing better than Nafion 117.
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Figure 3.9. (a) Proton conductivity of B-x-SPAEKS-y and L-SPAEKS-30 membranes as a function of
temperature; (b) proton conductivity of L-SPAEKS-30 and B-x-SPAEKS-30 membranes as a function of
the degree of branching at 80 °C (left), and proton conductivity of B-7.5-SPAEKS-y membranes as a
function of ion exchange capacity at 80 °C (right). Adapted with permission from Ref. [123]. Copyright

2023 Elsevier.

Table 3.3. Proton conductivity, thermal and oxidative stability, mechanical properties of B-x-SPAEKS-

v, L-SPAEKS-30, and Nafion 117 membranes. Adapted with permission from Ref. [123]. Copyright 2023

Elsevier.
o (mS cm™) Mechanical properties
Membrane T (°C)  1° (min) - -
Tensile Strength  Elongation at
25°C 80 °C
(MPa) break (%)
L-SPAEKS-30 228+12 52.0+1.8 314.1 360 + 15 454+3.0 303+24
B-5-SPAEKS-30 28.7+14 679+22 3140 465+15 341+1.7 144+04
B-7.5-SPAEKS-30 32.6+1.7 79.1+2.6 3139 495+15 29.0+2.1 125+1.5
B-10-SPAEKS-30 37.1+14 945+3.1 3126 510=£15 249+27 10.8+1.6
B-7.5-SPAEKS-25 16.5+09 445+1.7 3253 555+15 329+3.0 11.5+1.7
B-7.5-SPAEKS-35 61.6+£2.8 1345+42 3083 360+15 20.2+0.9 89+1.1
Nafion 117 59.0+£3.0 122.0+4.5 - > 600 15.5+0.6 106.3+6.3

25% weight loss temperature.

b1 is the time required for the sample immersed in Fenton’s reagent to start to rupture.
50



3.3.8. Stabilities and Mechanical Properties

Sufficient thermal and oxidative stabilities, as well as mechanical robustness of the PEMs, are

1391 Thermogravimetric analysis

essential to maintain the long-term operation of PEMFCs. !
(TGA) was utilized to evaluate the thermal stability of B-x-SPAEKS-y and L-SPAEKS-30
membranes. As can be observed from Figure 3.10, the initial degradation temperatures of all
membranes were higher than 250 °C. Two major degradation steps were observed, with the first
degradation occurring at ~280 °C, which was attributed to the loss of sulfonic acid groups.
Further decomposition took place at ~480 °C, due to the fragmentation of the polymer main
chain. In the end, upon heating to 800 °C, a residual char of more than 45 wt % was retained.
Moreover, the 5% weight loss temperature values (Tq) of all the membranes are listed in Table
3.3, exhibiting a downward trend as the IEC increased, which is due to the introduction of
sulfonic acid groups reducing the thermal stability of membranes. However, the typical

operating temperature of PEMFCs is 80 °C, as a result, the B-x-SPAEKS-y membranes

displayed excellent thermal stability.

— L-SPAEKS-30
B-5-SPAEKS-30
B-7.5-SPAEKS-30

— B-10-SPAEKS-30

— B-7.5-SPAEKS-25

; — B-7.5-SPAEKS-35

90 +

30 4

Weight (%)

70 4

60+
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Figure 3.10. The thermogravimetric analysis curves of B-x-SPAEKS-y and L-SPAEKS-30 membranes.
Adapted with permission from Ref. [123]. Copyright 2023 Elsevier.
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During the operation of H»/air PEMFCs, it is widely accepted that free radicals (HO: or HO»")
are generated because of the gas crossover, resulting in the chemical degradation of polymer

1401 To simulate an accelerated degradation condition, the membranes were immersed

chains. !
in Fenton’s reagent at 80 °C. The time (t) when the sample began to rupture upon exposure to
Fenton’s reagent was recorded to evaluate the oxidative stability of the membrane. Sample
breakage was checked by gently shaking the container holding the sample every 15 min. The
results are listed in Table 3.3 and depicted as functions of DB and IEC in Figure 3.11. As can
be observed, the oxidative stability of B-x-SPAEKS-30 membranes was substantially improved
when compared to L-SPAEKS-30 membrane and further enhanced with increasing DB.
Different from the linear polymer, even though some segments of branched polymer were
attacked by radicals and then broken, the branching architecture is still capable to maintain the
main integrity of the polymer chain. Thus, the peak t value of B-10-SPAEKS-30 reached 510
min, almost 1.5 times that of the L-SPAEKS-30 membrane (360 min). However, such a positive
effect gradually diminished, which is presumably due to the incremental water absorption of
the B-x-SPAEKS-30, raising the risk of polymer degradation upon attack of free radicals. !

Noteworthy, according to the tendency of the curve, the maximum DB value possible to

preserve the enhancement of oxidative stability is 12.5%.
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Figure 3.11. Oxidative stability of L-SPAEKS-30 and B-x-SPAEKS-30 membranes as a function of the
degree of branching at 80 °C (left), and the oxidative stability of B-7.5-SPAEKS-y membranes as a
function of ion exchange capacity at 80 °C (right). Adapted with permission from Ref. [123]. Copyright

2023 Elsevier.

The effect of the augment of IEC on oxidative stability was opposite to that of DB. The 1 value
of B-7.5-SPAEKS-y membranes dramatically dropped from 555 to 360 min over the whole IEC
range (1.41-1.94 meq g'), owing to the rapidly increased water uptake. It is worth noting that
the B-7.5-SPAEKS-35 possessed twice the WU (65.1%) of L-SPAEKS-30 (30.0%) at 80 °C,
but the 1 values of these two membranes were in the same range, demonstrating the strong
reinforced effect of branching architecture on oxidative stability of membranes. Although the
oxidative stability of B-x-SPAEKS-y membranes was not as excellent as Nafion 117 (1 > 600
min), a T value of 200 min is typically considered as a standard to guarantee sufficient oxidative

stability of PEMs to survive in PEMFCs, which the B-x-SPAEKS-y membranes fulfill.

Excellent mechanical properties are another factor that ensures the long-term operation of

[142

PEMs under actual working conditions. '*? The tensile testing experiments of hydrated B-x-
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SPAEKS-y and L-SPAEKS-30 membranes were performed at 25 °C. The results are listed in
Table 3.3 and the stress-strain curves are illustrated in Figure 3.12. Notably, the mechanical
properties of B-x-SPAEKS-y were significantly weaker than that of L-SPAEKS-30, which was
attributed to less chain entanglement induced by the presence of branching architecture,
impairing the strength and toughness of membranes. ['**! The tensile strength and elongation at
break of B-x-SPAEKS-30 continually decreased in the range of 34.1-24.9 MPa and 14.4-10.8%,
respectively, when DB increased from 5 to 10%. Similarly, the rise in IEC led to the increasingly
inferior performance of B-7.5-SPAEKS-y, with a decline of tensile strength from 32.9 to 20.2
MPa and elongation at break from 11.5 to 8.9%, owing to the considerably increasing water
absorption. 4 Overall, both DB and IEC are the negative factors influencing the mechanical
property of membranes, yet B-x~-SPARKS-y membranes are still sufficiently strong compared

with the performance of Nafion 117 (15.5 MPa) under the same conditions.
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Figure 3.12. The stress-strain curves of B-x-SPAEKS-y and L-SPAEKS-30 membranes. Adapted with

permission from Ref. [123]. Copyright 2023 Elsevier.
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3.3.9. Hz/air Single-cell Performance and Durability

The membrane electrolyte assemblies (MEAs) of B-x-SPAEKS-y and L-SPAEKS-30
membranes were prepared to evaluate the Hi/air fuel cells performance. The resulting
polarization curves are depicted in Figure 3.13a. As can be observed, enhancing DB and IEC
both effectively improved the single-cell performance of membranes, which is consistent with
the behavior of proton conductivity. The maximum power density of the L-SPAEKS-30 was
241.2 mW cm?, but that of the B-10-SPAEKS-30 was promoted to 351.1 mW c¢m? with the
increase of DB values. Meanwhile, a nearly doubled performance was achieved from B-7.5-
SPAEKS-25 to B-7.5-SPAEKS-35 membrane as of IEC value was elevated, with the highest

maximum power density at 426.8 mW c¢m™.

The durability of the Hy/air fuel cell assembled with B-10-SPAEKS-30 membrane was
investigated, and the result is shown in Figure 3.13b. The voltage of the membrane exhibited
relatively steady performance throughout the test, and approximately 5% attenuation was
presented after operation for 48 h, indicating the potential of fabricated B-x-SPAEKS-y

membranes for application in the Hy/air fuel cell.

1.1 500

(b) 1.0

- 400 0.94]
0.79 v

075V
0.8 4

300

TN

0.7 H

Voltage (V)
Voltage (V)

—— B-10-SPAEKS-30

Power density (mW cm™)

0.6
I 100

0.5

T T T T T T 0.4 T T T T T T T T T T T
0 200 400 600 800 1000 0 4 8 12 16 20 24 28 32 36 40 44 48

Current density (mA cm™) Time (h)

Figure 3.13. (a) The polarization curves of Hy/air fuel cells assembled with B-x-SPAEKS-y and L-
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SPAEKS-30 membranes under 100% relative humidity at 80 °C; (b) Durability of Ho/air fuel cell
assembled with B-10-SPAEKS-10 membrane under 100% relative humidity at 80 °C. Adapted with

permission from Ref. [123]. Copyright 2023 Elsevier.
3.4. Recapitulation

Branching monomer a and tetraarylmethane monomer b were synthesized and copolymerized
with 4,4’-difluorobenzophenone and 4,4’-dihydroxydiphenylsulfone, followed by post-
sulfonation. By adjusting the molar ratio of the two monomers during the polymerization, two
series of branched sulfonated poly(arylene ether ketone sulfone)s with varying DB and IEC
values, respectively, namely B-x-SPAEKS-y were synthesized. The DB and IEC were

controlled in the range of 5-10% and 1.41-1.94 meq g™, respectively.

Increasing the DB and IEC of B-x-SPAEKS-y membranes exerted the same impact on
promoting water absorption, proton conductivity, single-cell performance, and formation of
denser distribution of ionic clusters while reducing the mechanical properties. Distinctly
different effects of DB and IEC occurred on dimensional variation and oxidative stability, as
elevated DB led to isotropic swelling change and enhanced oxidative stability, whereas the

influence of IEC was totally the opposite.

The B-10-SPAEKS-30 membrane presented the best oxidative stability, but its insufficient IEC
prevented it from achieving comparable proton conductivity to Nafion 117. In contrast, the B-
7.5-SPAEKS-35 membrane realized better proton conductivity than Nafion 117. Besides, the
enhancing effect of elevated DB on oxidative stability diminished gradually, with 12.5%
deduced as the maximum DB value to maintain the positive effect.

Hence, to optimize oxidative stability while ensuring satisfactory proton conductivity,
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increasing DB to 12.5% and then suitably raising IEC appears to be a good option.
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4. Branched poly(arylene ether ketone sulfone)s with ultra-
densely sulfonated branched centers for proton exchange

membranes: Effect of the positions of the sulfonic acid groups

Polymer backbone Polymer backbone

B ®
®

9

Branching site

¢ Ultra-densely sulfonated branching site

Clustered sulfonic acid groups

This chapter and the corresponding parts in the experimental section are adapted with permission from
Ref. ') Yunji Xie, Di Liu, Anna Ringuette, and Patrick Théato". Branched poly(arylene ether ketone
sulfone)s with ultradensely sulfonated branched centers for proton exchange membranes: Effect of the
positions of the sulfonic acid groups. ACS Applied Materials & Interfaces, 2023, 15 (20), 24517-24527.

Copyright 2023 American Chemical Society.
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4.1. Introduction

Many studies have highlighted the critical impact of the degree of branching (DB) on improving
the properties of PEMs. [122 1461 The investigation in Chapter 3 also demonstrated the promotion
of increasing DB on the oxidative stability of PEMs fabricated by branched poly(arylene ether
ketone sulfone)s containing sulfonated tetraarylmethane, identifying 12.5% as the optimal DB
value to maximize this beneficial effect. However, reported DB values employing the Bs
monomer as the branching agent have not yet surpassed 10% so far, attributed to the tendency
for macroscopic crosslinking during polymerization. Wang’s group discovered that achieving
branched polymer with high DB value is intimately associated with the selection of an
appropriate branching agent, with the B; monomer featuring long and hard arms allowing for

increased DB without inducing crosslinking. [12%!

Furthermore, the majority of research has focused on tethering the sulfonic acid groups on the

branched arms, with the exception of one example, which reports branched centers modified

115

by sulfonic acid groups. '3 In comparison with the random distribution of sulfonic acid groups

on the branched arms, concentrating functional groups on the branched centers considerably
promotes regularity and coherence of hydrophilic and hydrophobic polymer segments,

89.95] Han et al. prepared

respectively, thereby promising benefits for the performance of PEMs. !
a branched poly(arylene ether) with sulfonic-acid-groups-functionalized carbazole derivatives
as the branched centers. However, insufficient sulfonated sites on the branched centers limited
the ion exchange capacity (IEC) of PEM to 1.12 meq g, resulting in an inferior proton

conductivity of only 42.1 mS ¢cm™ at 80 °C. !!47]

Therefore, the investigation of branched aromatic polymer PEMs with high DB values and
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sulfonated branched centers remains to be further advanced, with the crucial aspect being the

development of a novel B3 branching monomer.

4.2. Strategy

In this chapter, a triphenol monomer comprising tri-tetraarylmethane was designed as the
branching agent, which was copolymerized with 4,4’-difluorobenzophenone and 4,4’-
dihydroxydiphenylsulfone to yield a series of branched poly(arylene ether ketone sulfone)s
with DB values ranging from 7.5 to 12.5%. Upon the post-sulfonation, sulfonic acid groups
were ultra-densely tethered on the branched centers, achieving satisfactory IEC values for the
PEMs. Various properties of prepared PEMs, including water uptake, swelling ratio,
microscopic morphology, proton conductivity, thermal and oxidative stability, mechanical
properties, and Hoj/air single-cell performance, were investigated and compared to B-10-
SPAEKS-30 synthesized in Chapter 3, which featured sulfonated branched arm. Key data from

the commercially available Nafion 117 are also incorporated for reference.

4.3. Results and Discussion
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Scheme 4.1. Synthesis of branching monomer ¢. Adapted with permission from Ref. [145]. Copyright

2023 American Chemical Society.
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4.3.1. Synthesis of Monomer

The synthetic route of the branching monomer ¢ is depicted in Scheme 4.1, involving a
sequential two-step reaction. A nucleophilic aromatic substitution between branching monomer
a and compound 1 was first conducted, and a subsequent demethoxylation proceeded to afford
branching monomer c. None of the above synthesis steps involved complex reactions, and the
resulting yields were relatively high, exceeding 75%. The '"H NMR spectra of compound 2 and
branching monomer ¢ are shown in Figure 4.1. The integral area ratio of signal peaks, H; (8.20
ppm), H> (7.87-7.90 ppm), Hio (6.83-6.86 ppm), and Hi; (3.70 ppm) of compound 2 was 1: 2:
2: 3, indicating all the fluorine atoms of branching monomer a had been substituted by
compound 1. Upon demethoxylation, a new peak representing the hydroxyl group arose at 9.38
ppm (Hi1) in the "H NMR spectrum of branching monomer ¢, concurrently, the peak associated

with the methoxy group vanished, which proves the methoxy group had completely converted

to the hydroxyl group.
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Figure 4.1. 'H NMR spectra (DMSO-ds) of compound 2 and branching monomer ¢. Adapted with

permission from Ref. [145]. Copyright 2023 American Chemical Society.
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4.3.2. Synthesis of Copolymers

As depicted in Scheme 4.2, branched poly(arylene ether ketone sulfone)s, denoted as B-x-
PAEKS, were synthesized through nucleophilic polycondensation of branching monomer e,
4,4’-dihydroxydiphenylsulfone, and 4,4’ -difluorobenzophenone. The x represents the degree of
branching (DB) value, determined by the molar ratio of the branching monomer c¢ to the
employed bisfluoride monomer, which ranged from 7.5 to 12.5% (Table 4.1). Subsequently,
the post-sulfonation mediated by chlorosulfonic acid was performed for less than 2 h to avoid
the formation of insoluble gels, yielding B-x-SPAEKS with ultra-densely sulfonated branched
centers. 18 From the perspective of the chemical architecture, the B-10-SPAEKS presents the
same DB, the content of tetraarylmethane units, and polymer backbone as B-10-SPAEKS-30,
which was synthesized in Chapter 3. The main difference between the two copolymers lay in
the position of sulfonic-acid-groups-functionalized tetraarylmethane moieties.

R-0 0
w s e Wl OO
D
o + KeCOy, Sulfdane, Touene
Q +
Q )150 °Clordh : 1
:

R i} 210°C for 5-7h
OO 0O
o
R—0

x=7.5,10,12.5

i
aWs 2@l
0
B-x-SPAEKS M sto aq HS0301, CHzCl
x=17.5,10,125

atfor‘!zn )0°Cior05h
i) a.t. for less than 2 h

Branching monomer ¢

Scheme 4.2. Synthesis of branched copolymers B-x-PAEKS and B-x-SPAEKS, with x representing the
molar ratio of the branching monomer c¢ to the employed bisfluoride monomer. Adapted with permission

from Ref. [145]. Copyright 2023 American Chemical Society.
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The chemical structures of copolymers were analyzed with '"H NMR and FT-IR. Figure 4.2
exhibits the "H NMR spectra of B-10-PAEKS and B-10-SPAEKS. Signal peaks corresponding
to the protons in the ortho positions of sulfonyl (Hi2), carbonyl (Hz,10), and ether bonds (Hs and
Hso11) in B-10-PAEKS were identified. Additionally, characteristic peaks associated with
branched centers (Hi) arose at around 8.32 ppm. According to the integral area ratio of these
peaks, the compositions of B-x-PAEKS were demonstrated to be nearly consistent with the
theoretical values. After the sulfonation reaction, two new signal peaks representing the protons
in the ortho positions of the sulfonic acid groups were generated, one of which (Hy) arose in
the range of 7.51-7.71 ppm, while the other (He') overlapped by peak (Hz,10). Consequently, the
degree of sulfonation of the B-x-SPAEKS was determined to be within 87.9-89.0%, indicating

that more than three aryl sites per tetraarylmethane unit were sulfonated.

B-10-PAEKS

9 CHCI
KOO0, NI
17 2,10

9 10 1 12 B-10-SPAEKS

o] o]
O_@_g'_@_ot 12 2,10,6' 3,5,8,9,11, 13

8T4 8i2 810 718 716 7T4 712 7i0 6?8 676 614
ppm
Figure 4.2. '"H NMR spectra of B-10-PAEKS (CDCIl3) and B-10-SPAEKS (DMSO-ds). Adapted with

permission from Ref. [145]. Copyright 2023 American Chemical Society.
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The FT-IR spectra of B-x-SPAEKS and B-10-PAEKS are displayed in Figure 4.3. The
characteristic absorption band of sulfonic acid groups (S=0) arose at 1035 cm™ in the spectra
of B-x-SPAEKS, combined with the absence in that of B-10-PAEKS, demonstrating successful

sulfonation.
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Figure 4.3. FT-IR spectra of B-x-SPAEKS and B-10-PAEKS. Adapted with permission from Ref. [145].

Copyright 2023 American Chemical Society.

All copolymers dissolved well in common polar organic solvents, e.g., N, N-dimethylacetamide
(DMACc), dimethyl sulfoxide (DMSO), and N-methyl-2-pyrrolidone (NMP), without forming
an insoluble gel. In addition, the inherent viscosities of the copolymers are summarized in
Table 4.1. B-x-SPAEKS presented higher viscosities (1.10-2.03 dL g') than B-x-PAEKS (0.59-

1.03 dL g'), presumably due to the polyelectrolyte effect.

4.3.3. Preparation of Membranes and Ion Exchange Capacity

The B-x-SPAEKS membranes with thicknesses in the range of 38-47 um, were fabricated via
solution casting and subsequently protonated in a 2 M H>SO4 aqueous solution for 12 h. The

visual image of dry B-10-SPAEKS membrane at ambient temperature is representatively shown
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in Figure A.1 (Appendix). Table 4.1 illustrates the ion exchange capacity (IEC) values of B-
x-SPAEKS membranes, further including that of B-10-SPAEKS-30. Note, the experimental
IECrirvalues were nearly consistent with the theoretical IECthe, values, indicating a high degree
of protonation. Consequently, IEC values shown hereinafter are represented by IECrthco.
Furthermore, due to the deliberate adjustment of sulfonation time, similar IEC values were
realized for B-10-SPAEKS and B-10-SPAEKS-30, with respective 1.67 and 1.66 meq g
Hence, by comparing the various properties of B-10-SPAEKS and B-10-SPAEKS-30
membranes, the effect of the position of sulfonic acid groups on the branched polymer PEMs

enabled investigation.

Table 4.1. Degree of branching, inherent viscosity, ion exchange capacity, thickness, and density of B-
x-SPAEKS and B-10-SPAEKS-30 membranes. Adapted with permission from Ref. [145]. Copyright

2023 American Chemical Society.

IEC (meq g’!
n? (meq £7) Thickness!  Density®
Membrane DB (%) dLg) (um) ( 5
- m cm’
g Theo® Titr® H 8

B-7.5-SPAEKS 7.5 1.10 (0.59) 1.38 1.35 38+2 1.41+£0.03
B-10-SPAEKS 10 1.38 (0.79) 1.67 1.64 39+2 1.38 £0.04
B-12.5-SPAEKS 12.5 1.56 (0.81) 1.95 1.91 42+2 1.35+0.04
B-10-SPAEKS-30 10 2.03 (1.03) 1.66 1.62 47+3 0.88 £0.03

2 The inherent viscosity of B-x-SPAEKS and B-10-SPAEKS-30, number in parenthesis represents that
of B-x-PAEKS and B-10-PAEKS-30.

® Calculated from the 'H NMR.

¢ Obtained by acid-base titration.

4 Thickness of dry membrane.

¢ Density of dry membrane.
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4.3.4. Water Uptake and Swelling Ratio

Water molecules, serving as carriers for proton conduction, play a vital role in PEMs. Thus,
adequate water absorption of PEMs typically facilitates proton transport, whereas excessive
water content within membranes induces significant dimensional variations, thereby impairing
the mechanical performance and the practical application capability. ) The water uptake (WU)
of B-x-SPAEKS and B-10-SPAEKS-30 membranes as a function of temperature is illustrated
in Figure 4.4a, in which the WU curves of B-x-SPAEKS displayed an upward trend with the
increase in temperature. The WU of the B-10-SPAEKS was considerably lower than that of the
B-10-SPAEKS-30 over the whole temperature range, despite the DB and IEC values of both
being nearly identical. Furthermore, the B-12.5-SPAEKS with higher DB and IEC only

achieved a similar WU (43.5%) to the B-10-SPAEKS-30 (43.3%) at 80 °C.

Such a significant gap in the water affinity between two types of membranes is mainly due to
two reasons, one of which is the different regularity in the polymer architecture. Many
published articles demonstrate that sulfonated polymers with regular architecture (such as block
and densely sulfonated) present less water absorption than the polymer bearing the disordered

149. 1301 The sulfonic acid groups were ultra-densely tethered

distribution of sulfonic acid groups. !
on the branched centers of B-x-SPAEKS, in contrast, those were relatively randomly modified
on the branched arms of B-10-SPAEKS-30. In addition, the discrepancy in free volume is likely
the second reason. As listed in Table 4.1, the densities of B-x-SPAEKS membranes in a dry
state were higher than that of the B-10-SPAEKS-30 membrane. Indeed, the sulfonic-acid-

groups-functionalized tetraarylmethane units with a large steric hindrance were randomly

distributed along the branched arms of B-10-SPAEKS-30, and dominated a high proportion of
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the repeating units, resulting in reduced polymer chain entanglement and therefore expanded

free volume of the membrane. For B-x-SPAEKS, the tetraarylmethane units attached to the

sulfonic acid groups are localized on the branched centers, which influences the polymer less

and thus results in a smaller free volume. !
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Figure 4.4. (a) Water uptake of B-x-SPAEKS and B-10-SPAEKS-30 membranes as a function of

temperature; (b) Swelling ratios of B-x-SPAEKS and B-10-SPAEKS-30 membranes in in-plane (left)

and through-plane (right) as functions of temperature; (¢) Swelling ratio of B-x-SPAEKS and B-10-

SPAEKS-30 membranes in volume as a function of temperature; (d) Water uptake-normalized swelling

ratios (in-plane, through-plane, and volume) of B-x-SPAEKS and B-10-SPAEKS-30 membranes at 80 °C

as a function of IEC. Adapted with permission from Ref. [145]. Copyright 2023 American Chemical

Society.

67



The swelling ratios (SRs) in in-plane (IP) and through-plane (TP) directions of the B-x-
SPAEKS and B-10-SPAEKS-30 membranes as a function of temperature are indicated in
Figure 4.4b, where B-x-SPAEKS showed a distinct anisotropic swelling phenomenon, i.e.,
higher SR-TP than SR-IP at the same temperature. Furthermore, the variation of SR-TP was
more dependent on temperature, particularly exhibiting a dramatic increment after 80 °C,
whereas the rise in SR-IP was relatively smooth from 25 to 100 °C. The reason is the
morphological orientation within the membranes induced by the regular aggregation of sulfonic
acid groups, which frequently occurs in block or densely sulfonated polymer PEMs. [ 1521 The
SR-TP/SR-IP values of B-x-SPAEKS at 80 °C (the typical operating temperature of PEMFCs)
are listed in Table 4.2, decreasing from 1.78 to 1.53, which is attributed to the weakened
orientation by the higher content of branching architectures. The B-10-SPAEKS-30 also
displayed an anisotropic dimensional change behavior but it was less pronounced than B-x-
SPAEKS, and had a stronger dependence on temperature for the growth of the SR-IP than SR-
TP. As shown in Table 4.2, the SR-TP/SR-IP of B-10-SPAEKS-30 at 80 °C was 1.11,
considerably lower than those of B-x-SPAEKS. The difference is due to the relatively random
distribution of the sulfonic acid groups in B-10-SPAEKS-30, which is smaller than those of B-
x-SPAEKS regarding regularity and density of arrangement. ['>* 13 The overall volumetric SR
of B-x-SPAEKS and B-10-SPAEKS-30 membranes as a function of temperature is depicted in

Figure 4.4c, demonstrating similar profiles to those of SR-IP and SR-TP.

The swelling variations of the PEMs are directly correlated to water absorption. Accordingly,
the SRs of B-x-SPAEKS followed a rising trend in terms of IP, TP, and volume as the WU

increased. And the B-10-SPAEKS-30 exhibited stronger SRs in any dimension than B-10-
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SPAEKS due to a larger WU. However, compared to Nafion 117 (Table 4.2), the B-12.5-
SPAEKS and B-10-SPAEKS-30 absorbed almost 1.5 times of water but swelled remarkably
less in all directions at the same temperature, which is attributed to the branched architecture
inhibiting the motion of polymer chains, thereby diminishing the dimensional variations of
membranes in water. !' To standardize the evaluation of the dimensional stability of the B-x-
SPAEKS, B-10-SPAEKS-30, and Nafion 117 membranes, WU-normalized SR (80 °C) was
employed as an index. As summarized in Table 4.2, the SRs/WU in all dimensions of B-x-
SPAEKS and B-10-SPAEKS-30 were substantially lower than those of Nafion 117, indicating
that the branched polymer membranes were less susceptible to swell even under the same

content of water absorption.

The WU-normalized SR-IP, SR-TP, and SR-volume of B-x-SPAEKS and B-10-SPAEKS-30
membranes at 80 °C as a function of IEC are shown in Figure 4.4d. All the SRs/WU of B-x-
SPAEKS exhibited a slightly downward trend with the augment of IEC, which is due to the
increased content of branching architecture contributing to reducing the swelling change of the
membranes. "' In a comparison of the B-10-SPAEKS and B-10-SPAEKS-30 with the same
DB and almost equal IEC, B-10-SPAEKS presented a smaller SR-IP/WU but a larger SR-
TP/WU than B-10-SPAEKS-30, illustrating that B-10-SPAEKS preferred to swell toward the
TP direction, which was consistent with the anisotropic swelling phenomenon discussed above.
Eventually, B-10-SPAEKS was more stable in terms of volumetric swelling due to a lower SR-
volume/WU. The main reason is that branched centers tethered with sulfonic acid groups
occupy only a few repeating units of the polymer, forming the more coherent hydrophobic

polymer segments that maintain the integral stability of membranes. P
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In summary, compared with the B-10-SPAEKS-30 membrane, the B-x-SPAEKS membranes

exhibited less WU and SRs, more pronounced anisotropic swelling behavior, and better

capability to inhibit the dimensional change in IP and volume under the same water content. In

addition, the dimensional stability of B-x-SPAEKS was significantly greater than Nafion 117

in all directions.

Table 4.2. Data related to water uptake and swelling ratios of B-x-SPAEKS, B-10-SPAEKS-30, and

Nafion 117 membranes. Adapted with permission from Ref. [145]. Copyright 2023 American Chemical

Society.
SR SR/WU
o,
WU (%) TP IP TP volume
Membrane IP (%) TP (%) volume (%)
/TP /WU /WU /WU
25°C 80°C 25°C 80°C 25°C 80°C 80°C 25°C 80°C 80°C80°C 80°C
B-7.5- 6.0 9.9 1.6 3.2 3.5 5.7 6.8 12.6
1.78 0.32 0.58 1.27
SPAEKS £02 +04 0.1 +0.1 £0.1 =+£0.1 +03 03
B-10- 1.3 207 29 6.0 5.9 9.4 12.1  23.0
1.57 029 045 1.11
SPAEKS +03 +04 0.1 =02 =£02 =03 +05 0.7
B-12.5- 244 435 64 11.6 100 17.8 244  46.8
1.53 0.27 0.41 1.08
SPAEKS £03 £05 +03 +04 +£04 =02 +13 12
B-10- 29.6 433 101 142 13.1 158 37.1 511
1.11 0.33 0.36 1.18
SPAEKS-30 +£0.8 +1.6 +02 +£03 +£02 =+£03 +07 12
192 294 131 202 150 23.1 471 779
Nafion 117 1.14 0.69 0.79 2.65
+04 +£09 £05 +£06 =04 =£0.7 +1.8 +28

4.3.5. Microscopic Morphology

The microscopic morphology is the crucial factor that determines various properties of PEMs,
particularly proton conductivity. ' The nanoscale morphology of B-x-SPAEKS and B-10-
SPAEKS-30 membranes was investigated by small-angle X-ray scattering (SAXS) and
transmission electron microscope (TEM). The SAXS profiles are depicted in Figure 4.5a, all

membranes featured characteristic scattering peaks, which demonstrates a phase separation
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between hydrophilic and hydrophobic phases. '3 Further details are revealed from the TEM
images in Figure 4.5b, the hydrophilic phase was distributed as ionic clusters in the
hydrophobic phase with clear boundaries between each other. Moreover, the characteristic
separation lengths of membranes, i.e., d values were calculated according to the positions of
the scattering peaks. The B-x-SPAEKS exhibited d values of 12.19-16.14 nm, which were
approximately 2-3 times that of the B-10-SPAEKS-30 (5.66 nm), and followed an upward trend
with the increase of IEC. Consistent phenomena also arose in the TEM images, the observed
ion clusters of B-x-SPAEKS were significantly larger than those of B-10-SPAEKS-30, and the

size of clusters expanded from B-7.5-SPAEKS to B-12.5-SPAEKS.

(a) = B-7.5-SPAEKS
4 B-10-SPAEKS
. *  B-12.5-SPAEKS
k ' d=16.14 nm v B-10-SPAEKS-30

A d=13.68 nm

Intensity

Figure 4.5. (a) The small-angle X-ray scattering profiles of the B-x-SPAEKS and B-10-SPAEKS-30
membranes (stained with Pb 2); (b) The transmission electron microscope images of (I) B-7.5-SPAEKS,
(II) B-10-SPAEKS, (III) B-12.5-SPAEKS, and (IV) B-10-SPAEKS-30 membranes (stained with Pb 2*).

Adapted with permission from Ref. [145]. Copyright 2023 American Chemical Society.

The remarkable differences in d values and the status of clusters between two types of
membranes are mainly attributed to the positions of sulfonic acid groups, which are ultra-
densely tethered on the branched centers of B-x-SPAEKS, as opposed to the relatively random
locations on the branched arms of B-10-SPAEKS-30. ['7 Therefore, larger hydrophilic clusters

are forming inside the B-x-SPAEKS membranes. In addition, as the IEC values of B-x-SPAEKS
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increased, the sulfonic-acid-groups functionalized moieties tended to aggregate and lead to

enlarged ionic clusters. ['®

4.3.6. Proton Conductivity

s. 31 The o values

The proton conductivity (c) of PEMs is vital for the performance of PEMFC
of B-x-SPAEKS and B-10-SPAEKS-30 membranes as a function of temperature are presented
in Figure 4.6a, in which the curves of B-x-SPAEKS trended upward with increasing
temperature. Although B-10-SPAEKS-30 and B-10-SPAEKS shared identical DB and similar
IEC values, the former presented significantly higher proton conductivities over the whole
temperature, which is attributed to the larger amount of water absorption. To thoroughly
investigate the dependence of the proton conductivity of B-x-SPAEKS and B-10-SPAEKS-30
on the water content, the hydration number (A), representing the number of water molecules

bonded with each sulfonic acid group within the membrane, was calculated, as summarized in

Table 4.3.

The proton conductivity of B-x-SPAEKS and B-10-SPAEKS-30 at 80 °C as a function of A are
depicted on the left of Figure 4.6b, where the B-x-SPAEKS showed a nearly linear and rapidly
rising trend, reflecting a strong dependency of proton conductivity on the water content. The
position of B-10-SPAEKS-30 was to the right of the curve of B-x-SPAEKS, suggesting that it
requires more water molecules to achieve a similar proton conductivity compared to B-x-
SPAEKS. The o values at 80 °C were further normalized by A to better visualize the difference
between B-x-SPAEKS and B-10-SPAEKS-30. As shown on the right of Figure 4.6b, the curve
of B-x-SPAEKS with the variation of IEC placed considerably above B-10-SPAEKS-30. The

A-normalized ¢ at 80 °C of B-10-SPAEKS was 10.49 mS ¢cm™', which was 1.6 times that of B-
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10-SPAEKS-30 (6.52 mS cm™), demonstrating that B-10-SPAEKS presents a better proton

conductivity than B-10-SPAEKS-30 at the same water content.
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Figure 4.6. (a) Proton conductivity of the B-x-SPAEKS and B-10-SPAEKS-30 membranes as a function
of temperature; (b) Proton conductivity of the B-x-SPAEKS and B-10-SPAEKS-30 membranes as a
function of hydration number (left); hydration-number-normalized proton conductivity of the B-x-
SPAEKS and B-10-SPAEKS-30 membranes as a function of IEC (right). Adapted with permission from

Ref. [145]. Copyright 2023 American Chemical Society.

The possible reason for such a result is the larger size of ionic clusters inside the B-x-SPAEKS
membranes, which facilitates the development of more coherent hydrophilic channels to
enhance proton transportation. ! °!l Consequently, the B-12.5-SPAEKS with the best-
constructed microscopic morphology achieved a proton conductivity of 138.8 mS cm™ at 80 °C,

surpassing that of Nafion 117.

4.3.7. Stabilities and Mechanical Properties

Stability is essential to maintaining the durability of PEMs during practical operation in the
PEMFCs. (1% The thermogravimetric analysis (TGA) curves of the B-x-SPAEKS and B-10-
SPAEKS-30 membranes were measured and are illustrated in Figure 4.7, where two evident
degradation steps were observed. The first started at around 280 °C, attributed to the
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degradation of the sulfonic acid groups. As a result, the B-10-SPAEKS and B-10-SPAEKS-30
with almost equal IEC values displayed nearly coincident profiles in the range of 390 to 480 °C.
Further decomposition occurred at approximately 480 °C, resulting from the fragmentation of
the polymer backbone. All the membranes still retained about 50% of residual mass at 800 °C.
The typical operating temperature of PEMFCs is 80 °C, thus the performance of the B-x-

SPAEKS membrane fulfills the requirement of PEMFCs in terms of thermal stability until

280 °C.
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100 4 —— B-10-SPAEKS
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Figure 4.7. The thermogravimetric analysis curves of B-x-SPAEKS and B-10-SPAEKS-30 membranes.

Adapted with permission from Ref. [145]. Copyright 2023 American Chemical Society.

The oxidative stability of the B-x-SPAEKS and B-10-SPAEKS-30 membranes was evaluated
by immersion of the membranes in Fenton’s reagent at 80 °C and recording the time to the onset
of rupture (). '®! As listed in Table 4.3, the T values followed a downward trend from B-7.5-
SPAEKS to B-12.5-SPAEKS, which is due to the elevated WU that expands the opportunity
for free radicals to attack the polymer. However, the B-10-SPAEKS-30, with a higher WU than

B-10-SPAEKS at 80 °C, exhibited considerably better stability in Fenton’s reagent. Typically,
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the oxidative degradation of sulfonated aromatic polymer backbones primarily occurs at the
ether bond in the ortho position of the sulfonic acid group or the carbon atom in the meta

162-164] Indeed, since the sulfonated tetraarylmethane units

position of the sulfonic acid group. [
are randomly distributed on the branched arms of B-10-SPAEKS-30, the branched centers
preserve the integrity of the polymer chains even though some polymer segments are damaged
by free radicals due to the presence of sulfonic acid groups. On the contrary, once the sulfonated

tetraarylmethane units concentrated on the branched centers of B-10-SPAEKS were disrupted,

the degradation of the polymer chain accelerates.

Table 4.3. Proton conductivity, hydration number, hydration-number-normalized proton conductivity,
oxidative stability, and mechanical properties of B-x-SPAEKS, B-10-SPAEKS-30, and Nafion 117

membranes. Adapted with permission from Ref. [145]. Copyright 2023 American Chemical Society.

o/M Oxidative . .
o (mS cm™) A B Mechanical properties
(mS cm’')  stability

Membrane
. Tensile Elongation at
25°C 80°C 80°C 80°C T (min)
Strength (MPa)  break (%)
B-7.5-
128+0.2 345+12 3.99 8.65 300+ 15 573+33 18.1+1.3
SPAEKS
B-10-
224+09 722+£19 6.88 10.49 180+ 15 34.6+3.2 9.4+0.5
SPAEKS
B-12.5-
52.8+0.7 1388+24 12.39  11.20 45+ 15 275+1.6 7.1+£04
SPAEKS
B-10-
371+ 14 945+3.1 14.50 6.52 510+ 15 249+27 108+ 1.6
SPAEKS-30
Nafion 117 59.0+3.0 122.0+4.5 17.95 6.80 > 600 155+0.6 106.3+6.3

21 is the time required for the sample immersed in Fenton’s reagent to start to rupture.

The tensile testing results of the hydrated B-x-SPAEKS and B-10-SPAEKS-30 membranes at

25 °C are summarized in Table 4.3. Both tensile strength and elongation at break values of B-

x-SPAEKS declined with the increased IEC and DB, due to the reduction of chain entanglement
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derived from the elevation of water content and branching architecture within the membranes.
(165 Similarly, the higher WU of B-10-SPAEKS-30 contributed to an inferior tensile strength to
B-10-SPAEKS. However, in comparison to Nafion 117, B-x-SPAEKS displayed better tensile

strength, demonstrating they are sufficiently robust.

4.3.8. Hz/air Single-cell Performance and Durability

The B-x-SPAEKS and B-10-SPAEKS-30 membranes were manufactured as membrane
electrode assemblies (MEAs), and the Ho/air fuel cells performance was investigated under 100%
relative humidity at 80 °C. The resultant polarization curves are presented in Figure 4.8a, where
the maximum power densities of B-x-SPAEKS were 185.9, 283.2, and 407.9 mW cm?,
respectively, following an uptrend with the increase of proton conductivity. In addition, the B-
10-SPAEKS-30 reached a maximum power density of 351.1 mW cm, which was significantly

higher than that of the B-10-SPAEKS.

The durability of Ho/air fuel cells assembled with B-10-SPAEKS and B-10-SPAEKS-30 was
further analyzed. As shown in Figure 4.8b, both B-10-SPAEKS and B-10-SPAEKS-30
operated relatively stable for 48 hours, but the former exhibited a faster voltage decay,

presumably resulting from inferior oxidative stability. (16!
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Figure 4.8. (a) The polarization curves of Ho/air fuel cells assembled with B-x-SPAEKS and B-10-
SPAEKS-30 membranes under 100% relative humidity at 80 °C; (b) Durability of Hy/air fuel cells
assembled with B-10-SPAEKS and B-10-SPAEKS-30 membranes under 100% relative humidity at 80 °C.

Adapted with permission from Ref. [145]. Copyright 2023 American Chemical Society.

4.4. Recapitulation

Branching monomer ¢ containing tri-tetraarylmethane was synthesized as the branching agent,
which was copolymerized with 4,4’-difluorobenzophenone and 4,4’-dihydroxydiphenylsulfone,
followed by post-sulfonation. A series of branched poly(arylene ether ketone sulfone)s with
sulfonic acid groups ultra-densely tethered on the branched center was afforded, identifying as

B-x-SPAEKS, with a maximum DB value of 12.5% was achieved.

In comparison with analogous branched polymer PEM with branched arms, the B-x-SPAEKS
membranes presented reduced water affinity, resulting in less swelling change in all directions
and proton conductivity. For instance, with nearly identical DB and IEC values of B-10-
SPAEKS and B-10-SPAEKS-30, the WU, SR-IP, and proton conductivity of the former at 80 °C

were 52.2, 57.7, and 23.6% lower than those of B-10-SPAEKS-30, respectively.

Further analysis revealed that B-x-SPAEKS membranes featured better dimensional stability
(IP and volume) and proton conduction ability under the same water content. The main reason
is the concentration of sulfonic acid groups on the branched centers, which contributes to the
formation of coherent hydrophobic polymer segments and large-size ionic clusters, thereby
inhibiting dimensional change and promoting proton conductivity at the same time. The B-
12.5-SPAEKS exhibited superior proton conductivity and dimensional stability at 80 °C to

Nafion 117, which were 138.8 mS ¢cm™ and 11.6% (SR-IP), respectively. In addition, a decent
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maximum power density of 407.9 mW c¢m™ was also achieved.

However, the oxidative stability of B-x-SPAEKS was observed to be relatively inferior, due to
the presence of sulfonic acid groups on branched centers enhancing the degradation risk of
polymer chains. This result may affect the strategy of centralizing sulfonic acid groups on the

branched center.
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5. Branched poly(arylene ether ketone sulfone)s bearing
flexible sulfoalkyl side chains for proton exchange

membranes

Polymer backbone
o

Branching site

-

Anode  Proton exchange membrane  Cathode Sulfoalkyl side chain

This chapter and the corresponding parts in the experimental section are adapted with permission from
Ref. 1971 Yunji Xie, Di Liu, Anna Ringuette, Jinhui Pang, Hatice Mutlu, Dominik Voll, and Patrick
Théato". Highly branched poly(arylene ether ketone sulfone)s bearing flexible sulfoalkyl side chains for
proton exchange membranes, ACS Applied Energy Materials, 2023, 6 (1), 564-572. Copyright 2023

American Chemical Society.
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5.1. Introduction

Over the course of more than two decades, continuous advancements in research have led the
focus of sulfonated aromatic polymer PEMs progressively shifted toward practical applications.
[11.168] Although many studies have reported branched sulfonated polymer PEMs with excellent
properties, few examples are comparable to commercial PFSA membranes in terms of fuel cell

e. 19 Likewise, the Hy/air single-cell performance of B-x-SPAEKS-y and B-x-

performanc
SPAEKS membranes fabricated in Chapters 3 and 4 was inferior to that of Nafion 117.
Consequently, the architecture of sulfonated branched aromatic polymer needs to be further

optimized to improve proton conductivity, thus achieving superior fuel cell performance of

PEMs.

Drawing inspiration from the classic architecture of PFSA polymers, attaching aromatic or
aliphatic sulfonic acid groups to the main chain via flexible alkyl chains proves advantageous
for enhancing the mobility of functional groups. 7% "1l Pang et al. synthesized a series of
poly(arylene ether ketone)s bearing sulfonated tetraarylmethane pendants on alkyl spacers. The
prepared PEMs exhibited outstanding proton conductivity, one of which reached 147 mS ¢cm!
at 80 °C with an ion exchange capacity (IEC) value of only 1.43 meq g'. "*¥! Wang and co-
workers grafted sulfobutyl side chains to the polymer backbone through the nucleophilic ring-
opening reaction, resulting in an approximately 20% improvement in the proton conductivity
for PEMs, compared to analogous polymers with sulfophenyl groups directly attached to the

polymer skeleton. ['72!

In Chapter 4, a triphenol monomer with tri-tetraarylmethane, i.e., branching monomer ¢ was

designed as the branching agent. Although the strategy of tethering sulfonic acid groups to the
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branched centers may be constrained by reduced oxidative stability, a high degree of branching
(DB) value of 12.5% was achieved using this monomer in the polymerization process. Higher
DB values promote water affinity, proton conductivity, and oxidative stability of PEMs with
sulfonated branched arms, as evidenced by the results in Chapter 3. Consequently, grafting
flexible side chains functionalized with sulfonic acid groups to the arms of branched polymers
with a high DB value appears to be a promising approach for improving the proton conductivity

of PEMs, potentially leading to superior fuel cell performance.

5.2. Strategy

In this chapter, the branching monomer ¢ is still employed as the branching agent, and a
bisfluoride monomer with tetra-methoxyphenyl is synthesized. Following copolymerization
with 4,4’-difluorobenzophenone and 4,4’-dihydroxydiphenylsulfone, a series of branched
poly(arylene ether ketone sulfone)s with a DB value of 12.5% was afforded. Subsequently, a
two-step post-modification reaction, comprising demethoxylation and sulfobutylation, was
performed to graft the sulfobutyl side chains to the branched arms. Various properties, such as
water uptake, swelling ratio, microscopic morphology, proton conductivity, thermal and
oxidative stability, mechanical properties, and H»/air single-cell performance of the fabricated

PEMs were investigated and further compared to those of Nafion 117.
5.3. Results and Discussion
5.3.1. Synthesis of Monomer

The synthetic route of monomer d is depicted in Scheme 5.1. A bromination reaction of 4,4’-
difluorobenzophenone (DFBP) mediated by 1,3-dibromo-5,5-dimethylhydantoin (DBDMH)
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was performed under the acidic condition to yield compound 3, with the molar ratio of DFBP

to DBDHM maintained at 1:2.5 to achieve the desired degree of bromination. Subsequently,

the monomer d was synthesized via a Suzuki coupling reaction between compound 3 and 4-

methoxyphenylboronic acid. Despite the purification process of the above reaction involving

recrystallization and column chromatography, the yields remained at a satisfactory level,

exceeding 60%.
Haco ocH3
DBDMH
Sulfuric acid Br, Br H3C0
9 Acetic acid 9
F C F————— 3 F C F
Jo0°C1h Tetrakis(triphenylphaosphine) palladlum(D
iiy60°C 12 h Br Br  Na,CO,, Toluene, 1.2-Dimethoxyethane, Water
110 °C, 12 h
Compound 3
H,CO OCH,

Monomer d

Scheme 5.1. Synthesis of monomer d. Adapted with permission from Ref. [167]. Copyright 2023

American Chemical Society.

The chemical structures of compound 3 and branching monomer d were confirmed by 'H NMR
spectroscopy. As shown in Figure 5.1, which depicts the zoomed region between 6.0-9.0 ppm,
a sole signal peak (H;) was observed at 8.07 ppm in the 'H NMR spectrum of compound 3,
demonstrating that the proton located in the meta position of the carbonyl group of DFBP had
been completely substituted. Furthermore, several new signal peaks arose in the 'H NMR
spectrum of monomer d. The integral area ratio of signal peaks at 7.79 ppm (H1), 7.55 ppm
(H»), 7.06 ppm (H3), and 3.81 ppm (Hs) was 1:2:2:3, which indicated that the Suzuki coupling
reaction had been conducted successfully and all four bromine atoms of compound 3 were

reacted.
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Br Br

Monomer d

HCQ 3 OCH;

Ppm
Figure 5.1. "H NMR spectra (DMSO-ds) of compound 3 and monomer d. Adapted with permission from

Ref. [167]. Copyright 2023 American Chemical Society.

5.3.2. Synthesis of Copolymers

The synthesis of a series of branched poly(arylene ether ketone sulfone)s with different
functional groups is depicted in Scheme 5.2, and the 'H NMR spectra of exemplary copolymers
are exhibited in Figure 5.2. The branched poly(arylene ether ketone sulfone)s with methoxy
groups were initially synthesized via nucleophilic polycondensation, i.e., B-12.5-SPAEKS-M-
y, where 12.5 signifies the degree of branching (DB), determined by the molar ratio of
branching monomer c to the employed bisfluoride monomers, and y represents the molar ratio
of monomer d to the employed bisfluoride monomers. As illustrated in the '"H NMR spectrum
of B-12.5-PAEKS-M-30, the presence of the signal peaks at 8.27 ppm (H:), 6.62-6.78 ppm
(His), and 3.61-3.70 ppm (His) indicated the successful incorporation of branching monomer ¢
and monomer d into the copolymer. Furthermore, the integral area ratio of these signal peaks

corroborated that the composition was nearly consistent with the initial feed ratio.
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Scheme 5.2. Synthesis of branched poly(arylene ether ketone sulfone)s with different functional groups
B-12.5-PAEKS-M-y, B-12.5-PAEKS-H-y, and B-12.5-SPAEKS-graft-y copolymers, with 12.5 and y
representing the molar ratio of branching monomer ¢ and monomer d to the employed bisfluoride

monomers, respectively. Adapted with permission from Ref. [167]. Copyright 2023 American Chemical
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Subsequently, the demethoxylation reaction of B-12.5-PAEKS-M-y copolymers was conducted
to yield the branched copolymers with hydroxyl groups, i.e., B-12.5-PAEKS-H-y. The complete
conversion of the methoxy groups to the hydroxyl groups was evidenced by the 'H NMR
spectrum of B-12.5-PAEKS-H-30, in which a new signal peak arose at 9.52 ppm (Hi¢), and the

signal peak at 3.61-3.70 ppm (Hi6) had fully vanished.
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Figure 5.2. '"H NMR spectra of B-12.5-PAEKS-M-30 (CDCl;), B-12.5-PAEKS-H-30 (DMSO-dg), and
B-12.5-SPAEKS-graft-30 (DMSO-ds). Adapted with permission from Ref. [167]. Copyright 2023

American Chemical Society.

Ultimately, the B-12.5-PAEKS-H-y copolymers were sulfobutylated through the nucleophilic
ring-opening reaction, affording the branched copolymers grafted with sulfoalkyl side chains,
i.e., B-12.5-SPAEKS-graft-y. The vanishing signal peak at 9.52 ppm (His) in the 'H NMR
spectrum of B-12.5-SPAEKS-graft-30 demonstrated that the hydroxyl groups had quantitively
reacted with 1,4-butane sultone, and several new signal peaks arose in the range of 1.59-3.97
ppm, which were vest in the sulfoalkyl side chain. Moreover, the FT-IR spectra of B-12.5-
SPAEKS-graft-y and B-12.5-PAEKS-H-30 are displayed in Figure 5.3, depicting the band of
sulfonic acid groups (S=0) at 1033 cm™!, which further indicates that the sulfonic acid groups

were successfully introduced to the B-12.5-SPAEKS-graft-y.
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Figure 5.3. FT-IR spectra of B-12.5-SPAEKS-graft-y and B-12.5-PAEKS-H-30. Adapted with

permission from Ref. [167]. Copyright 2023 American Chemical Society.

Additionally, the series of copolymers exhibited good solubility in the common polar solvents,
such as N,N-dimethylacetamide (DMAc), dimethyl sulfoxide (DMSO), and N-methyl-2-
pyrrolidone (NMP), without insoluble gel was observed. The inherent viscosities of copolymers
are listed in Table 5.1, with an uptrend of the molecular weights from B-12.5-PAEKS-M-y to
B-12.5-SPAEKS-graft-y, which is presumably due to the different intermolecular interactions

of the three types of functional groups and polyelectrolyte effect of B-12.5-SPAEKS-graft-y.

[173, 174]

5.3.3. Preparation of Membranes and Ion Exchange Capacity

B-12.5-SPAEKS-graft-y membranes with thicknesses of approximately 40 um (Table 5.1)
were fabricated from solution casting, and subsequently immersed in a 2 M H>SO4 aqueous
solution for 12 h to fully protonate. The visual image of dry B-12.5-SPAEKS-graft-40
membrane at ambient temperature is representatively shown in Figure A.1 (Appendix). As

illustrated in Table 5.1, the IECri, values of B-12.5-SPAEKS-graft-y membranes were in the
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range of 1.45 to 1.94 meq g, which were close to the IEChe, values, indicating a high degree

of protonation. Consequently, IEC values shown hereinafter are represented by IECthco.

Table 5.1. Degree of branching, inherent viscosity, ion exchange capacity, thickness, and density of B-
12.5-SPAEKS-graft-y membranes. Adapted with permission from Ref. [167]. Copyright 2023 American

Chemical Society.

IEC (meq g
n? (meq £7) Thickness!  Density®

dL g! m cm?
(dLg?) Theo? Titee (pm) (g )

Membrane DB (%)

B-12.5-SPAEKS-

12.5 0.86(0.49,0.35) 1.44 1.41 45+2 0.95 +0.04
graft-30
B-12.5-SPAEKS-
12.5 1.00 (0.57,0.40) 1.73 1.68 34£3 0.94 £ 0.03
graft-40
B-12.5-SPAEKS-
12.5 1.15(0.51,0.35)  1.96 1.91 37£2 0.92 £ 0.03
graft-50

2 The inherent viscosity of B-12.5-SPAEKS-graft-y, number in parenthesis represents the viscosity of
corresponding B-12.5-SPAEKS-H-y and B-12.5-SPAEKS-M-y in sequence.

® Calculated from the repeating unit of chemical structural formula.

¢ Obtained by acid-base titration.

4 Thickness of dry membrane.

¢ Density of dry membrane.

5.3.4. Water Uptake and Swelling Ratio

The water uptake (WU) of PEMs directly determines the proton conductivity and swelling ratio
(SR). Enhancing the water absorption typically promotes the proton conductivity, but the
excessive water within the membrane leads to unrestrained swelling change and ion dilution.
(1751 The WU of B-12.5-SPAEKS-graft-y and Nafion 117 membranes as a function of
temperature is shown in Figure 5.4a. As can be observed, the WU of B-12.5-SPAEKS-graft-y

increased with elevating temperature and IEC, respectively. Indeed, the curves of B-12.5-
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SPAEKS-graft-30 and B-12.5-SPAEKS-graft-40 presented a smoothly upward trend with an
augment of temperature from 25 to 100 °C, which were in the range of 27.9-44.2% and 48.2-
99.1%, respectively. In contrast, the WU of B-12.5-SPAEKS-graft-50 maintained a relatively
steady variation (66.6-133.2%) from 25 to 80 °C, but dramatically rose to 412.5% at 100 °C,
exhibiting an excessive water absorption behavior. Indeed, all the B-12.5-SPAEKS-graft-y
membranes demonstrated enhanced WU compared to other analogous linear polymer PEMs
with sulfoalkyl side chains, ['7% 7] presumably due to the formation of large free volumes
within the former as a consequence of the 12.5% DB value. This is supported by the densities

listed in Table 5.2, ranging from 0.92 to 0.95 g cm™.

(a) 420 70
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Figure 5.4. (a) Water uptake and (b) swelling ratio in the in-plane direction of B-12.5-SPAEKS-graft-y
and Nafion 117 membranes as a function of temperature. Adapted with permission from Ref. [167].

Copyright 2023 American Chemical Society.

Anisotropic swelling phenomena were not observed from B-12.5-SPAEKS-graft-y membranes,

which might be attributed to the high DB value. Therefore, the SR only in the in-plane (IP)

direction of B-12.5-SPAEKS-graft-y membranes as a function of temperature is depicted in

Figure 5.4b, which presents similar profiles with those of WU. Noteworthy, the B-12.5-

SPAEKS-graft-40 and B-12.5-SPAEKS-graft-30 membranes exhibited nearly similar or lower
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SR compared to Nafion 117, although both of them possessed higher WU. For instance, at the
typical operating temperature of PEMFCs, i.e., 80 °C, the WU of B-12.5-SPAEKS-graft-40
membrane (67.5%) was almost two times than that of Nafion 117 (29.4%), but the SRs of these
two membranes were 20.8% and 20.2%, respectively. The reason is due to the restraint of
branching architecture on the motion of polymer chains, thereby reducing the swelling change
of the membranes. ['%17°1 The SR of B-12.5-SPAEKS-graft-50 remained relatively reasonable
in the range of 25-80 °C, however, the massive WU at 100 °C resulted in uncontrollable

dimensional variation, leading to a maximum SR of 68.1%. (12!

Table 5.2. Water uptake, swelling ratio in the in-plane direction, and proton conductivity of B-12.5-
SPAEKS-graft-y and Nafion 117 membranes. Adapted with permission from Ref. [167]. Copyright 2023

American Chemical Society.

WU (%) SR-IP (%) Proton conductivity (mS cm™)
Membrane
25°C 80 °C 25°C 80 °C 25°C 80°C 30%RH 95% RH
B-12.5-SPAEKS-  27.9 354 8.8 12.6 37.1 87.0
graft-30 +12 +15  £02  £03  £17 35 ) )
B-12.5-SPAEKS-  48.2 67.5 13.0 20.7 56.2 118.6+ 0.46+ 100.4
graft-40 + 1.8 +2.4 +0.3 +0.5 +23 3.8 0.05 +3.6
B-12.5-SPAEKS-  66.6 133.2+ 16.5 323 80.3 1554+ 1.4 131.2
graft-50 +2.6 3.9 +0.5 +1.1 +3.2 4.4 +0.2 +4.1
19.2 29.4 13.1 20.2 59.0 122.0 £ 33 108.3
Nafion 117

+04 +0.9 +0.5 +0.6 +3.0 4.5 +04 +3.3

5.3.5. Microscopic Morphology

The microscopic morphology of membranes crucially affects various macroscopic properties
including proton conductivity. '3 The B-12.5-SPAEKS-graft-y membranes were stained with
lead ions, then measured by small-angle X-ray scattering (SAXS) and transmission electron

microscope (TEM) under a vacuum condition to investigate the nanoscale morphology. As
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shown in Figure 5.5a, all membranes exhibited distinct characteristic peaks, indicating the
existence of well-defined phase separation between the hydrophilic and hydrophobic phases
inside membranes. ["*!! And the intensities of the peaks tended to be stronger with the increasing
IEC values of B-12.5-SPAEKS-graft-y membranes. Furthermore, the characteristic separation

length, i.e., d values presented a slight downward trend from 2.65 to 2.49 nm.

The above phenomena were consistent with the results of TEM images in Figure 5.5b, where
the hydrophilic phase (black region) in the form of the ionic cluster was evenly distributed in
the hydrophobic phase (bright region), revealing an evident hydrophilic-hydrophobic phase
separation morphology. ['¥? As the IEC values elevated, the hydrophilic phase area of B-12.5-
SPAEKS-graft-y membranes enlarged, leading to stronger contrast with the hydrophobic phase,
thus higher peak height of SAXS. Moreover, the dispersion of ionic clusters turned to be denser,

reducing the distance between the center of the hydrophilic phase, which resulted in lower d

values. [1%3]
(a) 'j = B-12.5-SPAEKS-graft-30
> B-12.5-SPAEKS-graft-40
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Figure 5.5. (a) The small-angle X-ray scattering profiles of B-12.5-SPAEKS-graft-y membranes. (b) The
transmission electron microscope images of the (I) B-12.5-SPAEKS-graft-30, (II) B-12.5-SPAEKS-
graft-40, and (IIT) B-12.5-SPAEKS-graft-50 membranes. Adapted with permission from Ref. [167].

Copyright 2023 American Chemical Society.
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Noteworthy, the B-12.5-SPAEKS-graft-y membranes exhibited lower d values and smaller
ionic cluster sizes compared to B-x-SPAEKS-y and B-x-SPAEKS membranes reported in
Chapters 3 and 4, which is attributed to the reduced volume of aliphatic sulfonic acid groups

relative to aromatic sulfonic acid groups. [18% 183

5.3.6. Proton Conductivity

Proton conductivity (o) is an important parameter that crucially determines the performance of
PEMFCs. !!86] The proton conductivity of B-12.5-SPAEKS-graft-y membranes was investigated
under two different environments and further compared with Nafion 117, part details of which
are summarized in Table 5.2. All membranes were firstly measured in a fully hydrated state, as
can be observed from Figure 5.6a, the ¢ values of B-12.5-SPAEKS-graft-y membranes rose
with increasing temperature and IEC value, respectively. Indeed, the B-12.5-SPAEKS-graft-40
and B-12.5-SPAEKS-graft-50 exhibited considerably satisfactory performance. The proton
conductivity of the B-12.5-SPAEKS-graft-40 ranged from 56.2 to 149.7 mS cm™' over the entire
temperature range, which was nearly consistent with that of Nafion 117 (59.0-151.2 mS cm™).
Moreover, the B-12.5-SPAEKS-graft-50 showed the highest proton conductivity among all the
membranes, which was in the range of 80.3—173.7 mS cm™ from 25 to 100 °C. It is worth noting
that an abrupt downward fluctuation of the curve occurred from 80 to 100 °C, presumably due

to the ion dilution within the membrane as a result of excessive WU. 137 188]

Moreover, the proton conductivity of B-12.5-SPAEKS-graft-40 and B-12.5-SPAEKS-graft-50
membranes as a function of relative humidity (RH) at 80 °C was further tested. As shown in
Figure 5.6b, the B-12.5-SPAEKS-graft-40 realized a comparable ¢ value of 100.4 mS cm™' to

Nafion 117 (108.3 mS cm™) at 95% RH, however, the proton conductivity rapidly reduced with
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the declining RH. In contrast, the B-12.5-SPAEKS-graft-50 remained outstanding performance
across a broader RH range, presenting ¢ values of 131.2, 83.9, and 27.1 mS cm™ at 95%, 75%,
and 50% RH, respectively. Although the proton conductivity at 35% RH was lower than that

of Nafion 117, which still maintained within the same order of magnitude.
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Figure 5.6. (a) Proton conductivity of B-12.5-SPAEKS-graft-y and Nafion 117 membranes as a function
of temperature in a fully hydrated state; (b) Proton conductivity of B-12.5-SPAEKS-graft-40, B-12.5-
SPAEKS-graft-50, and Nafion 117 membranes as a function of relative humidity at 80 °C. Adapted with

permission from Ref. [167]. Copyright 2023 American Chemical Society.

In summary, the B-12.5-SPAEKS-graft-y membranes, especially B-12.5-SPAEKS-graft-50,
illustrated excellent proton conduction ability, achieving significantly higher proton
conductivity than B-x-SPAEKS-y and B-x-SPAEKS membranes prepared in Chapters 3 and 4
under the similar IEC levels. This is presumably due to the exceptional water affinity and
enhanced mobility of sulfonic acid groups, '% 1! which result from the high DB value and the

presence of flexible side chains, respectively.

5.3.7. Stabilities and Mechanical Properties

It is critical that the PEMs possess sufficient thermal and oxidative stabilities during long-term

operation in PEMFCs. "1l The thermogravimetric analysis (TGA) curves of B-12.5-SPAEKS-
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y membranes are depicted in Figure 5.7. As can be observed, the initial degradation temperature
of all membranes was higher than 170 °C, since the typical operating temperature of PEMFCs
is 80 °C, the remarkable stability of B-12.5-SPAEKS-y membranes is able to meet the thermal
requirement of PEMFCs. Furthermore, two evident degradation stages were observed, the first
occurred at around 200 °C, which was generated by the elimination of the sulfoalkyl side chains,
thus the thermal weight loss of the B-12.5-SPAEKS-y membranes at this stage elevated with
the augment of IEC. Subsequently, the second step appeared at approximately 400 °C,
attributing to the decomposition of the polymer main chains. After the heating ceased at 800 °C,

the residue weights of membranes were still higher than 45%.

100 4 B-12.5-SPAEKS-graft-30
— B-12.5-SPAEKS-graft-40
— B-12.5-SPAEKS-graft-50
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Figure 5.7. The thermogravimetric analysis curves of B-12.5-SPAEKS-graft-y membranes. Adapted

with permission from Ref. [167]. Copyright 2023 American Chemical Society.

The oxidative stability of B-12.5-SPAEKS-y membranes was evaluated again by immersing in
Fenton’s reagent at 80 °C to simulate an accelerated degradation condition. "2 As listed in
Table 5.3, the time of B-12.5-SPAEKS-graft-y membranes required to break (1) exhibited a

downward trend with rising the IEC value, which is attributed to the growing water absorption
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leading to an incremental risk of polymer degradation upon attack of free radicals. Nevertheless,
the minimum t value of the B-12.5-SPAEKS-graft-50 still reached 240 min. Generally, PEMs
with 1 value higher than 200 min are considered to survive in the operating environment of
PEMFCs, therefore, the B-12.5-SPAEKS-graft-y membranes present satisfactory oxidative
stability. ("' Furthermore, the resistance to oxidation of B-12.5-SPAEKS-graft-y membranes
was considerably better than other reported linear polymer PEMs bearing sulfoalkyl side chains,
which is owing to the branching architecture maintaining the integrity of the polymer chain,

even though part of the polymer segments ruptured by the free radicals. [1*]

Table 5.3. Oxidative stability and mechanical properties of B-12.5-SPAEKS-graft-y and Nafion 117

membranes. Adapted with permission from Ref. [167]. Copyright 2023 American Chemical Society.

Oxidative stability Mechanical properties
Membrane
7 (min) Tensile Strength (MPa) Elongation at break (%)
B-12.5-SPAEKS-graft-30 450 £ 15 21.6+23 14.0+2.1
B-12.5-SPAEKS-graft-40 360 £ 15 17.3£0.9 85+1.1
B-12.5-SPAEKS-graft-50 240 £ 15 10.3+0.7 6.4+0.38
Nafion 117 > 600 15.5+0.6 106.3+6.3

a1 is the time required for the sample immersed in Fenton’s reagent to start to rupture.

The robust mechanical properties are another important parameter that ensures the feasibility
of PEMs for long-term operation in PEMFCs. "4 Therefore, tensile testing experiments of
hydrated B-12.5-SPAEKS-graft-y membranes were performed at 25 °C and the results are listed
in Table 5.3. Both tensile strength and eclongation at break of B-12.5-SPAEKS-graft-y
membranes decreased with the enhancement of the IEC value, due to the increasing water
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absorption impairs the chain entanglements. ['*! Nevertheless, the tensile strength of B-12.5-
SPAEKS-graft-30 (21.6 MPa) and B-12.5-SPAEKS-graft-40 (17.3 MPa) was comparable to or

even better than that of Nafion 117 (15.5 MPa), indicating they are sufficiently strong.

5.3.8. Hz/air Single-cell Performance and Durability

Considering the abovementioned excellent proton conductivity of the B-12.5-SPAKES-graft-y
membranes, the membrane electrode assemblies (MEAs) were manufactured to investigate the
Ho/air fuel cells performance, with the resulting polarization curves depicted in Figure 5.8a. It
was observed that the maximum power density of the B-12.5-SPAEKS-graft-y membranes
exhibited an upward trend with increasing proton conductivity, which were 363.0, 438.9, and
529.5 mW cm?, respectively. The performance of B-12.5-SPAEKS-graft-50 successfully
surpassed that of Nafion 117 (507.2 mW cm?), which was the best among all prepared
membranes in this thesis. It is worth noting that the gap between the B-12.5-SPAEKS-graft-40
and Nafion 117 on the maximum power density was apparently bigger than that of proton
conductivity. This is presumably due to the worse compatibility between the fabricated

membranes and catalyst layers. 196 17]

The durability of the Ha/air fuel cell assembled with B-12.5-SPAEKS-graft-40 was further
evaluated, and the result is illustrated in Figure 5.8b. As can be observed, the voltage of B-
12.5-SPAEKS-graft-40 exhibited a relatively evident downward tendency before 16 h, then
turned to steady until the end. The overall attenuation was nearly 9% throughout the 48-h test.
The durability performance of B-12.5-SPAEKS-graft-40 reflected a certain application

potential of the fabricated membranes in Ho/air fuel cells.

95



600

- 500

400

300

200

Power density (mW cm?)

(b)

Voltage (V)

094

0.8

0.7 1

0.6 1

0.5

078 V

0.71V \

—— B-12.5-SPAEKS-graft-40

r 100

0.4+

. B+—T——T———T—T— T
1200 0 4 8 12 16 20 24 28 32 36 40 44 48

T T T T T
0 200 400 600 800 1000

Current density (mA cm™)

Time (h)

Figure 5.8. (a) The polarization curves of Hy/air fuel cell assembled with B-12.5-SPAEKS-graft-y and
Nafion 117 membranes under 100% RH at 80 °C; (b) Durability of Hy/air fuel cell assembled with B-
12.5-SPAEKS-graft-40 under 100% RH at 80 °C. Adapted with permission from Ref. [167]. Copyright

2023 American Chemical Society.

5.4. Recapitulation

Monomer d featuring tetra-methoxyphenyl was synthesized and copolymerized with branching
monomer ¢, 4,4’-difluorobenzophenone, and 4,4’-dihydroxydiphenylsulfone. Subsequent post-
modification comprising demethoxylation and sulfobutylation was performed. A series of
branched poly(arylene ether ketone sulfone)s bearing flexible sulfoalkyl side chains was

obtained, exhibiting a DB value of 12.5% and denoted as B-12.5-SPAEKS-graft-y.

The B-12.5-SPAEKS-graft-y membranes presented exceptional water affinity attributed to the
high DB value, and the mobility of sulfonic acid groups was enhanced by flexible side chains.
As a result, outstanding proton conductivity, significantly higher than other branched polymer

PEMs fabricated in the previous two chapters with similar IEC levels, was achieved.

The B-12.5-SPAEKS-graft-40 membrane exhibited comparable proton conductivity to Nafion
117 at 80 °C in a fully hydrated state, registering 118.6 mS ¢cm™'. With a similar SR-IP to Nafion

117 and satisfactory oxidative stability, this membrane realized a trade-off between proton
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conductivity, dimensional stability, and durability. Moreover, the proton conductivity of the B-
12.5-SPAEKS-graft-50 membrane exceeded Nafion 117 in both a fully hydrated state and a
broad range of RH at 80 °C, leading to superior single Ho/air single-cell performance to Nafion

117.

Therefore, employing a combination of high DB value and grafting flexible sulfoalkyl side
chains to the branched arms proves to be an effective strategy for achieving performance

surpassing that of commercial PFSA membranes.
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6. Conclusion and Outlook

In this thesis, with the branched poly(arylene ether ketone sulfone) as the basic skeleton, the
polymer architecture was progressively optimized by introducing different monomers during
the polymerization and improving the post-modification process. The research focused on the
structure-property relationship of branched sulfonated polymer PEMs, achieving superior
performance to commercial PFSA membranes ultimately.

Chapter 3 revealed the effects of DB and IEC on the branched sulfonated polymer PEMs. Two
series of branched poly(arylene ether ketone sulfone)s containing sulfonated tetraarylmethane
units, namely B-x-SPAEKS-y, were synthesized. Increasing the DB and IEC exerted the same
impact on promoting water absorption, proton conductivity, single-cell performance, and
formation of denser distribution of ionic clusters while reducing the mechanical properties of
the B-x-SPAEKS-y membranes. Distinctly different effects of DB and IEC occurred on
dimensional variation and oxidative stability, as elevated DB led to isotropic swelling change
and enhanced oxidative stability, whereas the influence of IEC was totally the opposite. To
optimize oxidative stability and ensure satisfactory proton conductivity of PEMs, increasing
DB to 12.5% and then suitably raising IEC appears to be a good option.

Chapter 4 demonstrated the effect of sulfonic acid group positioning within the branched
polymer architecture on PEMs. A series of branched poly(arylene ether ketone sulfone)s with
ultra-densely sulfonated branched centers was synthesized, identified as B-x-SPAEKS, with a
maximum DB value of 12.5% being achieved. Compared to analogous branched polymer PEM
with relatively random sulfonation of branched arms, concentrating sulfonic acid groups on the

branched centers decreased the water affinity of B-x-SPAEKS membranes, resulting in less
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swelling change in all directions and proton conductivity. Upon normalizing the water content,

these membranes indeed exhibited improved dimensional stability (IP and volume) and proton

conduction ability. The primary reason is the formation of coherent hydrophobic polymer

segments and large-size ionic clusters. However, the oxidative stability was significantly

inferior due to the enhanced degradation risk of polymer chains.

Chapter 5 accomplished the development of branched sulfonated polymer PEMs with superior

performance compared to Nafion 117. A series of branched poly(arylene ether ketone sulfone)s

bearing sulfoalkyl side chains was synthesized, exhibiting a DB value of 12.5% and denoted as

B-12.5-SPAEKS-graft-y. The water affinity and mobility of sulfonic acid groups in B-12.5-

SPAEKS-graft-y membranes were improved due to the high DB value and flexible side chains,

respectively. Consequently, outstanding proton conductivity, significantly higher than other

branched polymer PEMs fabricated in the previous two chapters with similar IEC levels, was

achieved. The B-12.5-SPAEKS-graft-40 membrane presented proton conductivity and swelling

change comparable to Nafion 117, as well as satisfactory oxidative stability, achieving a trade-

off between proton conductivity, dimensional stability, and durability. Furthermore, the proton

conductivity of the B-12.5-SPAEKS-graft-50 membrane surpassed Nafion 117 in both a fully

hydrated state and a broad range of RH at 80 °C, leading to superior H/air single-cell

performance compared to Nafion 117.

In summary, branched sulfonated aromatic polymers demonstrate considerable potential for

application as PEMs, however, further advancements are necessary to substitute commercial

PFSA membranes in a practical context. For instance, increasing the DB values of branched

polymers improves various performance aspects of PEMs but concurrently weakens polymer
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chain entanglement, resulting in diminished mechanical properties that may negatively affect

long-term durability. Moreover, the assembly technology for branched polymer PEMFCs

demands additional refinement. PEMFC assembly design is highly complex, and failure of any

factors may impede branched polymer PEMs from achieving fuel cell performance

commensurate with their inherent capabilities.
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7. Experimental Section
7.1. Materials

Chlorosulfonic acid, sulfolane, 1,3-dibromo-5,5-dimethylhydantoin (DBDMH), 1,4-butane
sultone, sodium hydride (60% dispersion in mineral oil) (NaH), and 1,2-dimethoxyethane
(DME) were purchased from Sigma Aldrich. Boron tribromide (BBr3), fluorobenzene, 4,4’-
dihydroxydiphenylsulfone (DHDPS), anhydrous sodium carbonate (Na,COs), anhydrous
potassium carbonate (K>COs3), and anhydrous aluminum chloride (AICl3) were purchased from
Fischer scientific. Tetrakis(triphenylphosphine)palladium(0), 4-methoxytriphenylmethyl
chloride, and 4-methoxyphenylboronic acid were purchased from ABCR. Phenol, 4,4’-
difluorobenzophenone (DFBP), and 1,3,5-benzenetricarbonyl trichloride were purchased from
TCI. Concentrated sulfuric acid (98%) (H>SO4) and acetic acid (96%) were purchased from
Carl Roth. Other commercial solvents such as dimethyl sulfoxide (DMSO), N,N-
dimethylacetamide (DMAc), and N-methyl-2-pyrrolidone (NMP), and chemicals were

purchased from the VWR and used without further purification.

7.2. Synthetic Procedures

7.2.1. Synthesis of benzene-1,3,5-triyltris((4-fluorophenyl)methanone) (Branching

monomer a)

AICl; (40.0 g, 30.0 mmol) and fluorobenzene (50.0 ml) were charged into a 250 mL three-
necked flask equipped with a nitrogen inlet, a magnetic stirrer, a dropping funnel, and a reflux
condenser. After the temperature was cooled to 0 °C, 1,3,5-benzenetricarbonyl trichloride
(13.27 g, 50.0 mmol) dissolved in the fluorobenzene (50.0 mL) was added dropwise into the
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reaction system under vigorous stirring. The temperature was heated to 80 °C and maintained
for 8 h, then most of the fluorobenzene was removed by distillation. The rest of the mixture
was poured into a large amount of ice-deionized water containing a few drops of hydrochloric
acid. The resultant precipitate was filtered, washed several times with deionized water, and
dried in a vacuum oven at 80°C for 12 h. The branching monomer a was afforded by
recrystallization with acetone. Yield: 94%. MP: 187.3 °C. "H NMR (400 MHz, DMSO-dg): 6 =

8.24 (s, 3H), 8.02 — 7.91 (m, 6H), 7.51 — 7.40 (m, 6H).

0
oY,
AW
(0]
F

Figure 7.1. Chemical structure of branching monomer a.

7.2.2. Synthesis of 4,4’-(diphenylmethylene)diphenol (Monomer b)

4-Methoxy-tritylchlorid (15.44 g, 50.0 mmol) and phenol (28.23 g, 300.0 mmol) were charged
into a 250 mL two-necked flask equipped with a nitrogen inlet, a magnetic stirrer, and an air
condenser. The temperature was initially heated to 80 °C. After the mixture had melted for 1 h,
the temperature was further raised to 150 °C and maintained for 6 h. The solution was cooled
to ambient temperature and poured into cold ethanol. The resultant precipitate was collected,
washed several times with cold ethanol, and dried in a vacuum oven at 80 °C for 12 h to obtain
compound 1. Yield: 84%. MP: 199.9 °C. '"H NMR (400 MHz, DMSO-ds): § = 9.35 (s, 1H),
7.32 = 7.07 (m, 10H), 7.05 — 6.97 (m, 2H), 6.95 — 6.80 (m, 4H), 6.72 — 6.64 (m, 2H), 3.72 (s,

3H).
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Figure 7.2. Chemical structure of compound 1.

Compound 1 (3.66 g, 10.0 mmol) and dichloromethane (100.0 mL) were charged into a 250
mL three-necked flask equipped with a nitrogen inlet, a magnetic stirrer, a dropping funnel, and
an anhydrous CaCl, drying tube. After the temperature was cooled to 0 °C, BBr; (2.85 mL, 30.0
mmol) mixed with dichloromethane (30.0 mL) was added dropwise into the reaction system
under vigorous stirring. Then the temperature was maintained at ambient temperature to allow
the reaction to proceed smoothly for 6 h. The mixture was poured into a large amount of ice-
deionized water, and the resultant organic layer was separated and washed several times with
brine. Monomer b was collected by rotary evaporation and dried in a vacuum oven at 60 °C for
12 h. Yield: 94%. MP: 201.8 °C. "H NMR (400 MHz, DMSO-ds): 6 = 9.33 (s, 2H), 7.32 — 7.05

(m, 10H), 6.93 — 6.84 (m, 4H), 6.72 — 6.62 (m, 4H).

Figure 7.3. Chemical structure of monomer b.
7.2.3. Synthesis of benzene-1,3,5-triyltris((4-(4-((4-hydroxyphenyl)

diphenylmethyl)phenoxy)phenyl)methanone) (Branching monomer c)

Branching monomer a (4.44 g, 10.0 mmol), compound 1 (12.09 g, 33.0 mmol), K,COs (2.74 g,
20.0 mmol), sulfolane (38.10 mL), and toluene (26.50 mL) were charged into a 100 mL three-

necked flask equipped with a nitrogen inlet, a mechanical stirrer, a Dean-Stark trap, and a reflux
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condenser. The temperature was heated to 150 °C and maintained for 3 h to ensure complete
dehydration of the reaction system. Subsequently, the temperature was raised to 180 °C,
enabling the reaction to proceed smoothly for 6 h. After cooling to ambient temperature, the
mixture was poured into a large amount of ethanol. The precipitate was dissolved in
dichloromethane and filtered through a 0.45 um organic filter. Then the filtrate was precipitated
into ethanol again, and the resultant white powder was collected and washed several times with
deionized water and ethanol. Compound 2 was obtained after being dried in a vacuum oven at
60 °C for 12 h. Yield: 75%. '"H NMR (400 MHz, DMSO-ds): 6 = 8.19 (s, 3H), 7.94 — 7.82 (m,

6H), 7.35 — 6.95 (m, 54H), 6.87 — 6.78 (m, 6H), 3.70 (s, 9H).
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Figure 7.4. Chemical structure of compound 2.

Subsequently, compound 2 (5.93 g, 4.0 mmol) and dichloromethane (120.0 mL) were charged

into a 250 mL three-necked flask equipped with a nitrogen inlet, a magnetic stirrer, a dropping

funnel, and an anhydrous CaCl, drying tube. After the temperature was cooled to 0 °C, BBr3

(3.42 mL, 36.0 mmol) mixed with dichloromethane (30.0 mL) was added dropwise into the

reaction system under vigorous stirring. Then the temperature was maintained at ambient

temperature to allow the reaction to proceed smoothly for 1 h. The mixture was poured into a

large amount of ice-deionized water, the resultant organic layer was separated and washed

several times with brine. Branching monomer ¢ was collected by rotary evaporation and dried
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in a vacuum oven at 60 °C for 12 h. Yield: 92%. '"H NMR (400 MHz, DMSO-ds): & = 9.38 (s,
3H), 8.20 (s, 3H), 7.95 — 7.84 (m, 6H), 7.34 — 6.83 (m, 54H), 6.74 — 6.61 (m, 6H).
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Figure 7.5. Chemical structure of branching monomer c.

7.2.4. Synthesis of 3,3°,5,5’-tetra(4”’-methoxyphenyl)-4,4’-difluorodiphenyl ketone

(Monomer d)

DFBP (10.90 g, 50.0 mmol), acetic acid (20.0 mL), and concentrated sulfuric acid (100.0 mL)
were charged into a 250 mL three-necked flask equipped with a nitrogen inlet, a mechanical
stirrer, and a reflux condenser. After the temperature was cooled to 0 °C, 1,3-dibromo-5,5-
dimethylhydantoin (35.74 g, 125.0 mmol) was divided equally into six portions and added to
the reaction system every 10 min in sequence. The temperature was heated to 60 °C and
maintained for 12 h. The mixture was poured into a large amount of ice-deionized water, and
the resultant precipitate was washed with deionized water several times and recrystallized with
tetrahydrofuran. Compound 3 was afforded after being dried in a vacuum oven at 60 °C for 12

h. Yield: 60%. MP: 217.6 °C. 'H NMR (400 MHz, DMSO-ds): & = 8.10 — 8.02 (m, 4H).

Br, Br
®
F C F
Br Br

Figure 7.6. Chemical structure of compound 3.

Compound 3 (3.20 g, 6.0 mmol), 4-methoxyphenylboronic acid (4.56 g, 30.0 mmol), Na,CO3
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(6.36 g, 60.0 mmol), and tetrakis(triphenylphosphine)palladium(0) (0.35 g, 0.30 mmol) were
charged into a 100 mL two-necked flask equipped with a nitrogen inlet, a magnetic stirrer, and
a reflux condenser. After strict de-oxygen, a solvent mixture of toluene (25.0 mL), deionized
water (25.0 mL), and DME (5.0 mL) was added to the reaction system. The temperature was
heated to 110 °C and maintained for 12 h. After removing the solvents by rotary evaporation,
the crude product was purified by column chromatography with dichloromethane as the eluent.
Monomer d was obtained after being dried in a vacuum oven at 60 °C for 12 h. Yield: 76%.
MP: 178.2 °C. '"H NMR (400 MHz, DMSO-dy): & = 7.79 (d, 4H), 7.60 — 7.51 (m, 8H), 7.10 —
7.01 (m, 8H), 3.81 (s, 12H).

HaCO OCH;

W, &
W, &

H3CO OCH;

Figure 7.7. Chemical structure of monomer d.

7.2.5. Synthesis of branched poly(arylene ether ketone sulfone)s (B-x-PAEKS-y)
and linear poly(arylene ether ketone sulfone) (L-PAEKS-30) containing

tetraarylmethane units

The typical polycondensation procedure of B-x-PAEKS-y and L-PAEKS-30, where x =
branching monomer a / (monomer b + DHDPS) x 100, y and 30 = monomer b / (monomer b +
DHDPS) x 100, is illustrated by the synthesis of B-7.5-PAEKS-30. Branching monomer a (0.33
g, 0.750 mmol), monomer b (1.06 g, 3.0 mmol), DFBP (1.94 g, 8.875 mmol), DHDPS (1.75 g,

7.0 mmol), K»COs (1.66 g, 12.0 mmol), sulfolane (16.10 mL), and toluene (10.0 mL) were
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charged into a 50 mL three-necked flask equipped with a nitrogen inlet, a mechanical stirrer, a
Dean-Stark trap, and a reflux condenser. The temperature was heated to 150 °C and maintained
for 3 h to ensure complete dehydration of the reaction system. Subsequently, the temperature
was raised to 210 °C, enabling the reaction to proceed smoothly for 7 h. By pouring the viscous
mixture into a large amount of deionized water, a white fibrous precipitate was obtained. The
resultant product was pulverized and washed several times with hot deionized water and ethanol.
The B-7.5-PAEKS-30 was obtained after being dried in a vacuum oven at 80 °C for 12 h. Yield:

94%.

7.2.6. Synthesis of branched poly(arylene ether ketone sulfone)s (B-x-SPAEKS-y)
and linear poly(arylene ether ketone sulfone) (L-SPAEKS-30) containing

sulfonated tetraarylmethane units

The typical sulfonation procedure is illustrated by the synthesis of B-7.5-SPAEKS-30. The B-
7.5-PAEKS-30 (1.0 g) was dissolved in dichloromethane (30.0 mL), and the polymer solution
was filtered through a G4 glass sand core funnel, and charged into a 100 mL two-necked flask
equipped with a nitrogen inlet, a magnetic stirrer, and a dropping funnel. After the temperature
was cooled at 0 °C for 0.5 h, chlorosulfonic acid (0.68 mL, 10.42 mmol) mixed with
dichloromethane (20.0 mL) was added dropwise to the reaction system. Then the mixture was
vigorously stirred at ambient temperature to allow the sulfonation reaction to proceed smoothly
for 2 h 20 min, meanwhile, a purple product was precipitated from the solution. After decanting
the supernatant, the resultant product was washed several times with hexane and deionized
water. The B-7.5-SPAEKS-30 was obtained after being dried in a vacuum oven at 80 °C for 12

h. Yield: 95%.
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7.2.7. Synthesis of branched poly(arylene ether ketone sulfone)s with

tetraarylmethane moieties concentrated on the branched centers (B-x-PAEKS)

The typical polymerization procedure of B-x-PAEKS, where x = branching monomer ¢ / DFBP
x 100, is illustrated by the synthesis of B-10-PAEKS. Branching monomer ¢ (0.72 g, 0.50
mmol), DFBP (1.10 g, 5.0 mmol), DHDPS (1.06 g, 4.250 mmol), K»CO; (0.83 g, 6.0 mmol),
TMS (9.10 mL) and toluene (6.0 mL) were charged into a 25 mL three-necked flask equipped
with a nitrogen inlet, a mechanical stirrer, a Dean-Stark trap, and a reflux condenser. The
temperature was heated to 150 °C and maintained for 3 h to ensure complete dehydration of the
reaction system. Subsequently, the temperature was raised to 210 °C, enabling the reaction to
proceed smoothly for 6 h. By pouring the viscous mixture into a large amount of deionized
water, a white fibrous precipitate was obtained. The resultant polymer was pulverized and
washed several times with hot deionized water and ethanol. The B-10-PAEKS was obtained

after being dried in a vacuum oven at 80 °C for 12 h. Yield: 95%.

7.2.8. Synthesis of branched poly(arylene ether ketone sulfone)s with ultra-densely

sulfonated branched centers (B-x-SPAEKS)

The typical sulfonation procedure is illustrated by the synthesis of B-10-SPAEKS. The B-10-
PAEKS (1.0 g) was dissolved in dichloromethane (30.0 mL), and the polymer solution was
filtered through a G4 glass sand core funnel, and charged into a 100 mL two-necked flask
equipped with a nitrogen inlet, a magnetic stirrer, and a dropping funnel. After the temperature
was cooled at 0 °C for 0.5 h, chlorosulfonic acid (0.59 mL, 8.96 mmol) mixed with
dichloromethane (20.0 mL) was added dropwise to the reaction system. Then the mixture was

vigorously stirred at ambient temperature to allow the sulfonation reaction to proceed smoothly
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for 2 h, meanwhile, a purple product was precipitated from the solution. After decanting the
supernatant, the resultant product was washed several times with hexane and deionized water.
The B-10-SPAEKS was obtained after being dried in a vacuum oven at 80 °C for 12 h. Yield:

94%.

7.2.9. Synthesis of branched poly(arylene ether ketone sulfone)s with methoxy

groups (B-12.5-PAEKS-M-y)

The typical polycondensation procedure of B-12.5-PAEKS-M-y, where 12.5 = branching
monomer ¢/ (monomer d + DFBP) x 100, y = monomer d / (monomer d + DFBP) x 100, is
illustrated by the synthesis of B-12.5-PAEKS-M-30. Branching monomer ¢ (0.90 g, 0.625
mmol), DHDPS (1.02 g, 4.0625 mmol), monomer d (0.96 g, 1.50 mmol), DFBP (0.76 g, 3.50
mmol), K,COs (0.83 g, 6.0 mmol), sulfolane (11.60 mL), and toluene (10.0 mL) were charged
into a 50 mL three-necked flask equipped with a nitrogen inlet, a mechanical stirrer, a Dean-
Stark trap, and a reflux condenser. The temperature was heated to 150 °C and maintained for 3
h to ensure complete dehydration of the reaction system. Subsequently, the temperature was
raised to 180 °C, enabling the reaction to proceed smoothly for 12 h. By pouring the viscous
mixture into a large amount of deionized water, a white fibrous precipitate was obtained. The
resultant polymer was pulverized and washed several times with hot deionized water and
ethanol. The B-12.5-PAEKS-M-30 was obtained after being dried in a vacuum oven at 80 °C

for 12 h. Yield: 95%.
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7.2.10. Synthesis of branched poly(arylene ether ketone sulfone)s with hydroxyl

groups (B-12.5-PAEKS-H-y)

The typical synthetic route of B-12.5-PAEKS-H-y is illustrated by that of B-12.5-PAEKS-H-
30. The B-12.5-PAEKS-M-30 (1.0 g) and dichloromethane (30.0 mL) were charged into a 50
mL three-necked flask equipped with a nitrogen inlet, a magnetic stirrer, a dropping funnel, and
an anhydrous CaCl, drying tube. After the temperature was cooled to 0 °C, BBr3 (0.83 mL, 8.75
mmol) mixed with dichloromethane (10.0 mL) was added dropwise into the reaction system
under vigorous stirring. Then the temperature was maintained at ambient temperature to allow
the reaction to proceed smoothly for 0.5 h. The mixture was poured into a large amount of ice-
deionized water, the precipitated polymer was pulverized and washed several times with
deionized water. The B-12.5-PAEKS-H-30 was obtained after being dried in a vacuum oven at

80 °C for 12 h. Yield: 93%.

7.2.11. Synthesis of branched poly(arylene ether ketone sulfone)s grafted with

flexible sulfoalkyl groups (B-12.5-SPAEKS-graft-y)

The typical synthesis process of B-12.5-SPAEKS-graft-y is illustrated by that of B-12.5-
SPAEKS-graft-30. The B-12.5-PAEKS-H-30 (1.0 g) and DMSO (20.0 mL) were charged into
a 50 mL three-necked flask equipped with a nitrogen inlet, a magnetic stirrer, a dropping funnel,
and a reflux condenser. After a homogenous solution was formed, NaH (0.14 g, 3.52 mmol)
was quickly added, then 1,4-butane sultone (0.72 mL, 7.04 mmol) was dropwise added into the
reaction system. The temperature was heated to 80 °C and maintained for 10 h. The mixture
was poured into a large amount of isopropanol, then the precipitated polymer was washed

several times with isopropanol and deionized water. The B-12.5-SPAEKS-graft-30 was
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obtained after being dried in a vacuum oven at 80 °C for 12 h. Yield: 91%.

7.3. Membrane Preparation

The sulfonated copolymers were dissolved in DMAc to form homogeneous solutions (6 wt%),
filtered through G4 glass sand core funnels, and cast onto horizontal glass plates (8§ cm*8 cm).
The temperature was maintained at 100 °C for 24 h to evaporate most of the solvent and raised
to 120 °C for 12 h under vacuum to remove the residual solvent. After cooling to ambient
temperature, the membranes were soaked in deionized water to let them peel off the glass plates.
The membranes were immersed in 2 M H,SO4 solution at ambient temperature for 12 h to
ensure the completion of acidification, then washed with deionized water several times until
neutral. The membranes in proton form were stored in deionized water for further testing. The

thicknesses of dry membranes are around 40 pm, which is reproducible.

7.4. Characterization Methods

The proton nuclear magnetic resonance ('"H NMR) spectra of compounds, monomers, and
copolymers were investigated by a Bruker Ascend 400 NMR spectrometer with CDCls and
DMSO-ds as the deuterated solvent. The Fourier-transform infrared (FT-IR) spectra of
polymers were measured by a Bruker Vector 22 FT-IR spectrometer. The inherent viscosities
of polymers were evaluated by an Ubbelohde viscometer in a thermostatic container at 25 +
0.1 °C, and the polymers were dissolved in N-methyl-2-pyrrolidone (NMP) to form
homogenous solutions at the concentration of 0.5 g L' before the test. The densities of

membranes were calculated by the masses and volumes.
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7.4.1. Ion Exchange Capacity (IEC)

The experimental IEC values of membranes were determined by the acid-base titration method.
The samples were dried in the vacuum oven at 120 °C for 12 h and weighed to obtain accurate
weights. After being re-protonated, the samples were soaked in 2 M NaCl aqueous solutions
for at least 7 days to ensure all the H" ions were replaced by Na" ions. The solutions containing

H" ions were titrated by a 0.02 M NaOH aqueous solution with phenolphthalein as the indicator.

The IECrir (meq g™') was calculated using the following equation:

IEC _ CNnaoHVNaoH
dry

where the cygoy (mmol mL™!) and Vygop (mL) are the molarity and consumed volume of

NaOH aqueous solution, respectively; and Wy,, (g) represents the weight of the dried sample.
7.4.2. Small-angle X-ray Scattering (SAXS)

The SAXS measurements of membranes were conducted by a Labmate SAXS ess mc? system
(Anton Paar) equipped with a hermetic pipe X-ray generator (40 kV/40 mA) at 25 °C. The ionic
regions of samples (40 x 5 mm) were selectively stained by soaking in a saturated lead acetate
solution for 12 h, then thoroughly washed with deionized water. The resultant samples were

dehydrated in a vacuum chamber for several minutes prior to the test.

The scattering vector g (nm™) is expressed by the formula:

_ 4msin®
=773

where the 4 is the scattering angle, and the A is the wavelength of 0.1542 nm.

The Bragg spacing d (nm) was obtained based on the scattering vector:
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7.4.3. Transmission Electron Microscope (TEM)

The TEM images of membranes were taken on a JEM-2100F electron microscope under an
acceleration voltage of 200 kV. Before the measurement, the samples were immersed in the
saturated lead acetate aqueous solution for 12 h to stain the ionic regions with Pb*". After
carefully washing with deionized water, the samples (10 x 1 mm) were strictly dried in the

vacuum oven and embedded with epoxy resin, then sliced onto the copper grids.

7.4.4. Water Uptake (WU), Swelling Ratio (SR), and Hydration Number (1)

The samples (40 x 10 mm) were dried in the vacuum oven at 120 °C for 12 h and recorded
accurate weights, lengths, widths, and thicknesses. Then the samples were soaked in the
deionized water at the specified temperature (25 °C, 40 °C, 60 °C, 80 °C, and 100 °C) for at
least 2 h until the equilibrium was reached. After carefully wiping off excess water from the
surfaces, the weights, lengths, widths, and thicknesses of samples were noted again. The WU,
the SRs in the in-plane (SR-IP), through-plane (SR-TP), and volume (SR-volume) directions
were determined by calculating the difference between the weights, the lengths, thicknesses,

and volumes of pre- and post-immersion samples, respectively.

Here is the equation for calculating the WU (%):

where the W, (g) and Wy, (g) are the weights of the wet and dry samples, respectively.

And the formula of SR-IP, SR-TP, and SR-volume (%) are shown as follows:
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Lwet'Ldry

SR-IP = x 100
dry
Tor-T,
SR-TP= 297 190
td,y
Vier-V.
SR-volume = Zwel Tdry 100
dry

where the L,,o; (mm), Tyer (mm), and V. (mm?) represent the lengths, thicknesses, and

volumes of the wet samples, respectively; and the Ly, (mm), Ty, (mm), and Vg, (mm’)

refer to the lengths, thicknesses, and volumes of the dry samples, respectively.

The hydration number A, denoting the number of water molecules bonded with each sulfonic

acid group, can be calculated by:

wu

A=————x10
My, o X IEC

where the My, o (g mol™) is the molar mass of the water molecular.
7.4.5. Proton Conductivity (o)

The o values of membranes were measured with a Princeton Applied Research potentiostat
(model 273 A) equipped with a frequency response detector (Model 5210, EG&G GPARC,
Princeton) by the AC impedance method from 0.1 Hz to 100 kHz. The AC perturbation and the
DC rest voltage are 10 mV and 0.0 V, respectively. The sample (40 x 10 mm) was immobilized
in a sealed cell consisting of four electrodes and two PTFE plates, which was placed in
deionized water with different temperatures (25 °C, 40 °C, 60 °C, 80 °C, and 100 °C) or in
varying relative humidity (RH) environments (30%, 50%, 75% and 95% RH) at 80 °C until

equilibrium was reached before starting the test.

The proton conductivity ¢ (mS cm™) was determined with the following equation:

D
R XA
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where D is the distance between the two working electrodes, R represents the measured

resistance, and A refers to the cross-sectional area of the sample.

7.4.6. Thermogravimetric Analysis (TGA)

The thermal stability of membranes was analyzed by a TGA 550 (TA instrument). The samples
(3-5 mg) were dried in the vacuum oven at 120 °C for 12 h to remove the residual water prior
to the test. And the heating procedure was set starting from 100 to 800 °C with a speed of 10 °C

min™! under the nitrogen atmosphere.

7.4.7. Oxidative Stability

The samples (20 x 10 mm) were soaked in Fenton’s reagent (aqueous solution containing 3%
H,0Os and 2 ppm FeSO4) at 80 °C. The oxidative stability of membranes was evaluated by the
consumption time (1) required for the samples to rupture upon exposure to Fenton’s reagent.
And the integrity of the samples was checked every 15 min by gently shaking the containers.

7.4.8. Mechanical Properties

The tensile tests of membranes proceeded with a Shimadzu AG-I 20-kN Universal Tester at a
stretching rate of 2 mm min™' at 25 °C. Prior to the test, the samples (40 x 5 mm) were soaked
in the deionized water for 12 h to reach the equilibrium, then wiped the excess water from the

surfaces.

7.4.9. Hz/air Single-cell Performance and Durability

The Pt/C catalyst (HISPEC 9100) was mixed with 5 wt% Nafion isopropanol solution to form
the ink, which was sprayed evenly on both sides of the membranes by an ExactaCoat sprayer

(SONO-TEK Corporation), the resultant catalyst loading and effective area were 0.5 mg cm™
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and 6.25 cm™, respectively. After being air-dried, the catalyst-sprayed membranes were
sandwiched by carbon papers under a pressure of 5-8 bar. The prepared membrane electrolyte
assembly (MEA) was mounted in a HORIBA FuelCon instrument, with 200 mL min"' of
hydrogen and 400 mL min™ of air supplied to the anode and cathode, respectively. The system
was activated (80 °C, 100% relative humidity) for at least 4 h until full equilibrium, then the
polarization curve was started to record. The durability test was conducted under the same

conditions with a constant current density of 100 mA cm™ for 48 h.

7.5. Task Distribution

The author, Yunji Xie, based in KIT, completed all synthesis work and membrane preparation,
along with undertaking part of the characterization tasks, which included "H NMR, IEC, density,

WU, SR, hydration number, TGA, and oxidative stability.

The collaborator, Dr. Di Liu, stationed at Jilin University, China, conducted the remaining
characterization procedures such as FT-IR, viscosity, SAXS, TEM, proton conductivity,

mechanical properties, and H»/air single-cell performance.
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Appendix

Additional Figure
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Figure A.1. The visual images of (a) B-10-SPAEKS-30; (b) L-SPAEKS-30; (¢) B-10-SPAEKS; (d) B-

12.5-SPAEKS-graft-40 membranes.
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