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General Abstract

Anion exchange membrane fuel cell (AEMFC) provides the advantages of lower cost due to the
possible utilization of non-noble metal catalysts and faster oxygen reduction reaction kinetics under alkaline
conditions. Anion exchange thin films serve as binders and ion conduction channels in the triple-phase
interface, which is related to the electrochemical performance of AEMFC. Hence, the investigation of anion
exchange thin film is important. This research is mainly focused on the hydration and anion conduction
properties of anion exchange thin films, especially the properties of OH™ form thin films.

Firstly, in situ OH" conductivity and quartz crystal microbalance (QCM) measurements were newly
established to investigate the OH" conductivity and water uptake of thin films under a CO,-free atmosphere.
Poly[(9,9-bis(6'-(N,N,N-trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene) ] (PFB-TMA) was chosen
as a model anion conductive polymer. At 25 °C under 95% relative humidity (RH), the OH" conductivity
of 273 nm-thick PFB-TMA-OH thin film was 5.3 x 102 S cm’!, which is similar to that of the membrane
in the literature. Film thickness dependence of water uptake and OH" conductivity were observed in PFB-
TMA-OH thin films.

Secondly, to systematically observe OH™ conduction and hydration properties of thin films, fluorene-
thiophene-based anion conductive polymers with different cations were synthesized and investigated as
thin film form. Furthermore, in situ temperature dependence of OH™ conductivity measurement process was
newly established to obtain the activation energy (E.) of OH™ conduction in thin films. Similar E, of OH"
conduction between the cationic groups of trimethylammonium (TMA) and N-methylpiperidinium (Pip),
indicated that higher IEC, less hydrophobicity, and smaller size of TMA contributed to the higher OH"
conductivity of TMA-based thin films.

Finally, the effect of side chain length on the properties of anion exchange thin films was investigated.
Poly[(9,9-bis(3'-(N,N,N-trimethylammonium)propyl)fluorene)-alt-(3,3'-dihexyl-2,2'-bithiophene)]
(PFT3-TMA) was synthesized and investigated as thin film form. Under high hydration conditions, similar
OH" conductivity was observed in fluorene-thiophene-based thin films with n-propyl alkyl spacer and n-
hexyl alkyl spacer. While higher OH" conductivity was found in fluorene-thiophene-based thin film with n-
propyl alkyl spacer than that of thin film with n-hexyl alkyl spacer under the low number of water molecules
which provided new insight into the OH™ conduction properties of anion conductive polymers with different

side chain lengths under low number of water molecules.

Keywords: Anion exchange thin film, Fuel cell; OH" conductivity, Water uptake, Activation energy
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Chapter 1

General Introduction

1.1 Introduction of Fuel Cell

A fuel cell is a type of electrochemical energy converter that can produce electrical
energy from chemical energy. Although fuel cells have certain similarities to combustion
engines and batteries, they outperform combustion engines efficiently. Furthermore,
unlike batteries, fuel cells do not require charging.!* According to the electrolyte of fuel
cells, fuel cells can be divided into five types: phosphoric acid fuel cell (PAFC), polymer
electrolyte membrane fuel cell (PEMFC), alkaline fuel cell (AFC), molten carbonate fuel
cell (MCFC), and solid-oxide fuel cell (SOFC).3

PEMFC is thought to be a suitable next-generation power source. PEMFC provides
several advantages over other types of fuel cells, including increased power density, low
performing temperature, and rapid start-up. The utilization of an expensive platinum
catalyst, on the other hand, is a significant roadblock to the commercialization of PEMFC.
Anion exchange membrane fuel cell (AEMFC) provides higher oxygen reduction reaction
(ORR) kinetics than PEMFC.* Moreover, non-noble metal catalysts can be employed in
the electrode of AEMFC, reducing the cost of fuel cells.” The schematic diagram of
AEMFC is illustrated in Figure 1-1. The anode, cathode and overall reactions in the

AEMFC are shown below:
Anode: 2H,+40H =4H,0+4¢"

Cathode: O,+2H,O+4e=40H"

1



Overall reaction: 2H, + O, = 2H,0

Catalyst layer

Tt
L
>
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Figure 1-1. Schematic diagram of anion exchange membrane fuel cell.

The Membrane electrode assembly (MEA) is a critical component for the
electrochemical performance of fuel cells. The MEA is placed between the anode and the
cathode in a single AEMFC. The gas diffusion layer (GDL), catalyst layer, and anion
exchange membrane (AEM) make up the MEA.® AEM is used as a gas barrier and an OH
conductive channel in the MEA. The electrochemical reactions happen at the triple-phase
interface. The triple-phase interface of AEMFC is shown in Figure 1-2, which is
composed of the electron conduction phase, ion conduction phase, and gas phase. MEA’s
interfacial resistance can be reduced using anion exchange thin film as a binder and OH"
conductive channel in the triple-phase interface. AEM and anion exchange thin film are
anion conductive polymer which are vital parts for the electrochemistry performance of

AEMFC.”!! The properties of AEM have been investigated intensively.!>'* Nevertheless,



the properties of anion exchange thin film are still unclear. Hence, the investigation and

design of anion exchange thin film are essential.

Anade L lonomer

Cathode e
H2
02
2H,0
hhhhhhhhhhhhhhhhh Catalyst
Anode: 2H, + 40OH- = 4H,0 +4¢” .
Cathode: O, 1211,0+4e" = 40T Triple-Phase Interface

Figure 1-2. Triple-phase interface of AEMFC.



1.2 Anion Exchange Membranes (AEMs)
1.2.1 AEMs with Different Backbones

AEMs and anion exchange thin film are solid polymer electrolytes. In 1970s, the
concept of solid polymer electrolyte was established.'>!® In 2001, Agel and Fauvarque
prepared KOH-doped poly(ethylene oxide) (KOH-PEO) SPE to solve the problem caused
by liquid electrolyte in AFC. A hydrophobic polymer backbone and a hydrophilic cationic
group make up the AEM.!7 After that, a wide variety of cationic groups and polymer
backbones have been employed in the preparation of AEMs. High OH™ conductivity,
superior mechanical performance, and good chemical stability at high pH are desirable
characteristics for AEM. '8

Various polymer backbones and cationic groups have been created over a lengthy
period.!”2® Two essential polymer backbones for AEM are aromatic-based polymers and
aliphatic-based polymers. Figure 1-3 shows the chemical structures of commonly used
polymer backbones. As shown in Figure 1-3, poly(aryl ethers),?’ poly(phenylenes),*°
poly(aryl benzimidazoles),?! and poly(aryl imides)*? are the commonly used aromatic-
based backbone. On the other hand, polyolefins are the main aliphatic-based backbone

which  consist of polyethylene,*®  polystyrene,**  polynorbornene,>>  and

polytetrafluoroethylene.¢



Polyethylene Polystyrene
Poly (aryl ethers) Poly(phenylenes) ’

F F
F F

H H
\ N
8 o ) F F
Poly(aryl benzimidazoles) M Pol b
olynorbornene
n
e} 0

poly(aryl imides) OH

Polytetrafluoroethylene

Poly(vinyl alcohol)

Figure 1-3. Chemical structures of various polymer backbones.!'*

Poly(aryl ethers), such as poly(aryl ether sulfones) and poly(aryl ether ketones),
was initially investigated for AEM application in terms of mechanical and thermal
properties. However, aryl ether (C-O) bond is present in poly(aryl ethers)-based anion
conductive polymers. In 2012, Fujimoto and co-authors found the cleavage of aryl-ether
bond under alkaline conditions firstly.’” When OH" ions attack poly(aryl ethers)-based
anion conductive polymers, the aryl ether (C-O) bonds can be broken, especially if
electron-withdrawing substituents are present. Electron-withdrawing groups (such as the
sulfone linkage) can remove electrons from the benzene ring of the poly(aryl ethers)
backbone, allowing for nucleophilic aromatic substitution under alkaline conditions.
Figure 1-4 portrays the chemical structure of quaterinized poly(arylene ether sulfone) and

the polymer backbone degradation mechanism under alkaline conditions.
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COHROTOL O T ~OEO
ON— 3 A2
Figure 1-4. Chemical structure of quaterinized poly(arylene ether sulfone) and polymer
backbone degradation mechanism under the alkaline condition.'?

The poly(aryl ethers) based-AEM are not suitable for long-term AEMFC due to the
facile cleavage of aryl-ether bonds under alkaline conditions. In 2014, the stable anion
conductive aryl ether-free based polymer backbone such as polyolefins and
polyphenylenes were developed.*® In 2015, Lee and co-authors synthesized highly stable
fluorene-based AEM.*’ The synthesized fluorene-based AEM can be stable in NaOH
solution (1M) over one month and displayed high OH™ conductivity. Furthermore, over
0.1 S cm OH conductivity was found in the synthesized poly[9,9-bis(6'-(N,N,N-
trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene)] (PFB-TMA) AEM in water at
80 °C. In 2017, Ono and co-authors prepared anion exchange membrane based on
fluorene and perfluoroalkylene (QPAF-4). The QPAF-4 AEM exhibited excellent
mechanical properties and superior OH™ conductivity. Moreover, QPAF-4 AEM can be
stable in 1 M KOH at 80 °C for 1000 h.*! Figure 1-5 shows the chemical structure of
reported fluorene-based AEM. In 2020, Salma and co-authors prepared fluorene-based
AEM carrying piperidinium (Pip) cation. The synthesized anion conductive polymer was

stable in alkaline conditions and exhibited high OH" conductivity.*> In this study,

fluorene-based polymer was designed as polymer backbone.
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Figure 1-5. Chemical structure of reported fluorene-based anion conductive
polymers.**#11.2.2 AEMs with Different Cations

Quaternary ammoniums (QA), which are the most thoroughly explored cationic
groups in AEMFC, have the advantages of relatively high conductivity, low cost,
adequate alkaline stability, and easy functionalization.* Figure 1-6 shows the chemical
structure of various cations. Among the various QA cationic groups, trimethylammonium
(TMA) was the most used cation in the AEM. Besides, TMA cation, cyclic ammonium is
another commonly used cation with good alkaline stability. Imidazolium,
benzimidazolium, pyridinium, guanidinium, sulfonium, phosphonium, pyrrolidinium,
and metal cations are being explored as part of the novel cationic groups.** Pyridinium,
sulfonium, and phosphonium-based cations, on the other hand, are unstable under alkaline
conditions.* The alkaline stability of metal-based cations was good, but the functionality

procedure was problematic.*->
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Figure 1-6. Various cationic groups of AEM. 41851

Marino and co-authors investigate the alkaline stability of some model quaternary
ammonium cationic groups at 160 °C in 6 mol L' NaOH solution.** Table 1-1 shows the
half-life of some model quaternary ammoniums at 160 °C in 6 M NaOH. Results
suggested that 6-azonia-spiro[5.5]undecane (ASU), piperidinium (Pip) and
tetraalkylammonium (TMA) show relatively high alkaline stability than other cations.
The synthesis process of ASU is complicated. Besides, the bulkiness and more
hydrophobic ASU usually result in much lower OH™ conductivity than that of TMA and
Pip cations. Considering the alkaline stability properties, OH™ conductive properties, cost,

and functionalization process, TMA and Pip was chosen as cationic groups in this thesis.



Table 1-1. Half-life of quaternary ammoniums at T=160 °C in 6 M NaOH.>?

Quaternary ammonium  Abbreviation Half-life (h)

( No ) ASU 110
/
¢ ON_ DMP 87

N TMA 62

7
@N\ DMPy 37
N
) BMP 72
®
N

BTM 4.2

1.2.3 Side Chain Type AEMs

One critical issue in applying AEMs is the alkaline stability of cationic group.”!*?%
38.38-62.52-57 Benzyltrimethylammonium-based AEMs has been investigated intensively. In
the case of benzyltrimethylammonium cation, several degradation mechanisms can be
observed under alkaline solution. The degradation mechanisms are shown in Figure 1-7.
Nucleophilic substitution and Hofmann elimination from the OH™ attack are the principal
degradation mechanisms for ammonium cations. Besides, Sommelet-Hauser

rearrangement, Stevens rearrangement, and ylide degradation were also found to

decompose ammonium cations under alkaline conditions.
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Figure 1-7. Detailed degradation mechanisms of bezyltrimethylammonium under

alkaline condition.®

To overcome the alkaline stability problem of bezyltrimethylammonium cation, side

chain type AEMs was developed. As shown in Figure 1-8, the alkyl spacer was placed

between the polymer backbone and the cationic group in side chain type AEMs to

improve the alkaline stability of the quaternary ammonium-based AEMs.**%*"7 Tomoi
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and co-authors were one of the earliest groups to investigate the effect of alkyl spacer on
the stability of TMA in polystyrene-based AEM.®® The alkaline stability of TMA was
improved after the introduction of n-alkyl spacers. After that, some literature also
investigated the effect of side chain on the alkaline stability of TMA-based AEM. After
tethered TMA cation to an aromatic ring by a long alkyl chain the alkaline stability of
TMA cation appears to have significantly improved when compared to benzylic
trimethylammonium. Furthermore, side chain type AEM exhibited improved OH"

66.69.70.75.76.79-88 1 i and co-authors compared the water uptake, swelling ratio

conductivity.
and OH" conductivity of side chain type and main chain type AEM. Side chain type AEM

exhibited lower water uptake and swelling ratio, but enhanced OH" conductivity.”! In this

study, side chain type anion exchange thin films were designed.

__________________

i
/\/ ! Side chain
H . ) Quaternary

ammonium |

@®o

Figure 1-8. Schematic illustration of side chain type anion conductive polymers.’?
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1.2.4 The Effect of CO2 on Anion Exchange Membranes
The reaction between OH™ and CO; converts OH™ into HCO3™ and COs> when the
OH™ form AEM contact with air, as shown in Equations (4) and (5).”
OH + CO2 = HCO;5 (4)

HCO; + OH" = CO3* + H0 (5)

1.6

o ¢ OH

. ® CO;?

B A HCO;

5

'(43- 0.8 -

c

3

C 04 5

(@]

O

c

2 0 T 4 ¥ Y Y T ¥ <>
0 50 100

Time / min

Figure 1-9. The OH", HCOs", and COs? concentration changes when OH" form Tokuyama
A201 anion conductive polymer contacted with air.**

Yanagi and Fukuta examined the content of OH", COs*, and HCO;3™ in OH" form
Tokuyama A201 AEM after contact with air.** As shown in Figure 1-9, CO» has a negative
effect on the conduction of AEM. The concentration of OH™ dropped significantly after
the OH™ form Tokuyama A201 AEM was exposed to air. There is almost no OH™ remained
after half an hour. OH™ conductivity of AEM is higher than their COs* and HCOs

conductivity due to the superior mobility of OH". As a result, the OH" conductivity

12



measurement of AEM should be conducted in a CO»-free atmosphere. Understanding the
properties of OH™ form anion exchange thin films is important, however, one of the major
obstacles in the evaluation process is that the CO» of ambient air react with OH™ to form
HCO;/COs* and significantly affect the properties of OH form thin films. In this study,
in situ OH" conductivity and water uptake measurement process of OH™ form thin films

were established under the N> atmosphere.
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1.3 Anion Exchange Thin Films

Compared to the AEM, the literature about anion exchange thin films is limited. So
far, the detailed understanding of the properties of anion exchange thin films is
insufficient. Although the same chemical structure between AEM and anion exchange
thin film, the hydration, anion conduction, and morphology of AEM and anion exchange
thin film may be different.
1.3.1 Hydration Properties of Anion Exchange Thin Films

Water uptake is a crucial parameter for the anion conduction in anion conductive
polymers.>96:105-108.97-104 However, the literature about the hydration properties of anion
exchange thin films is limited.!® 7 Only a few works have investigated the hydration
properties of anion exchange thin films. Kushner and co-authors investigated the water
content of 100 nm-thick quaternized poly(2,6-dimethyl-1,4-phenylene oxide) (QA-PPO,
in Br form) thin films with several side chains.!!” Figure 1-10 shows the water uptake
result of Br” form QA-PPO anion exchange thin films as a function of RH. Side chain
type QA-PPO anion exchange thin films exhibited lower water uptake than that of QA-
PPO anion exchange thin film without side chain, as illustrated in Figure 1-10. Similar
water uptake was obtained for Br” form QA-PPO anion exchange thin films with different

side chain lengths.
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Figure 1-10. Number of water molecules of Br" form QA-PPO anion exchange thin
films with different side chain lengths as a function of RH. QA-PPO anion conductive
polymers with carbon atom number 0, 6, 10, and 16 are denoted as BTMA40, C6D40,

C10D40 and C16D40.'"7

The hydration properties of commercial Fumasep Fumion FAA3 thin films in F-, Br’
and HCOs forms were reported.!'* The F~ form FAA3 thin film exhibited the highest
water uptake, whereas the water uptake of the Br™ form FAA3 thin film was the lowest.
The water content of anion exchange thin films with different backbones, side chains, and
counter-anion was investigated systematically. The chemical structures of the studied
anion conductive polymers were shown in Figure 1-11.!1° The counter-anion significantly
impacts the water adsorption properties of anion exchange thin films. In comparison to
thin films in other anion forms, anion exchange thin film in I" form exhibited the lowest
water uptake result. Aliphatic-based anion exchange thin films adsorbed more water than
aromatic-based anion exchange thin films with the same film thickness. With the increase

of side chain length of QA-PPO in Br form, the water uptake decreased in the thin film

15



form. Buggy and co-authors designed block copolymer functionalized with TMA and Pip
and investigated as anion exchange thin film.'"> Compared to the anion exchange thin
film functionalized with TMA, anion exchange thin film with Pip cationic group exhibited
higher water uptake. Bharath and co-authors investigated the water adsorption behaviors
of Tokuyama anion exchange thin films. Compared to Nafion thin film, lower water

uptake was obtained in the same thickness Tokuyama anion exchange thin films. !¢

Nafion PE-AEM Qs N2-25 Pss
PEM AEM AEM AEM PEM
—{CF.CF, 3m—€c|FCF2 + —crcr, ')m—f(iFCFz—)n— n

9

CF (GF2 ), O Q

CFCF3 1

HCO5; +N NH
Q —N~cHy)s ) |

i _/)

i N HCO;

S0, Ve 7 4 \\
O-H*

E Hco,
DMBPN PAP-BP-60 QA-PPO (CxDA40)
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b %C? oF
~
/N *Br

-1 x=1,6,10,16

Figure 1-11. The chemical structure of various anion exchange thin films.'!°
In summary, the available water uptake investigation literature focused on the halide
and HCO3™ forms anion exchange thin films. Furthermore, there is a limitation in

investigating thin films in OH" form.
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1.3.2 Anion Conductive Properties of Anion Exchange Thin Films

A few of literature focused on the anion conductive properties of anion exchange
thin film. The anion conductivity of 50 nm-thick FAA3 thin films in F-, Br", and HCOs5"
forms was reported. Under the same RH, F~ conductivity of FAA3 thin film than Br
conductivity and HCO3™ conductivity. The correlation between water uptake and anion
conductivity in FAA3 thin films was illustrated. Under the same number of water
molecules, higher Br- and HCOs™ conductivity was observed than F- conductivity in the
FAA3 thin film.'!*
1.3.3 Morphology of Anion Exchange Thin Films

Previous studies illustrated different morphology in thin films compared to the bulk
proton exchange membranes due to the confinement effects and interfacial interactions
caused by thin film and substrate.!'*12° As a result, investigating the morphology of anion
exchange thin films is crucial. Luo and co-authors investigated the morphology of various
anion exchange thin films using grazing-incidence small-angle X-ray scattering (GI-
SAXS).!'? The chemical structure of anion conductive polymers is shown in Figure 1-13.
The phase separation in PF-AEM anion exchange thin film was relatively poor. No
nanophase separation was found in other anion exchange thin films. Shrivastava and co-
authors investigated the phase separation morphology of FAA3 thin film using GI-
SAXS.!""* However, there is no nanophase separation existed in the FAA3 thin film.
Kushner and co-authors compared the morphology of QA-PPO polymers in the thin film

form on the silicon substrate.!!” Smaller domains and very weak scattering were found in
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the Br" form QA-PPO anion exchange thin film. Buggy and co-authors reported a
perpendicularly oriented structure of neutral block copolymer thin film on the silver
substrate. Figure 1-12 shows the schematic illustration of neutral block copolymer and
quaternized block copolymer. After quaternization, the organized structure disappeared
due to the effect of cations. Very weak nanophase separation was existed in quaternized
bloke copolymer.!'® In summary, most of the reported anion exchange thin films were

amorphous.

PCMS :
Leveraging

~10 | Block Copolymer
Phase Separation

TMA or MPRD

For the @ 6
Design of Anion By

Exhange lonomers _N \g N®

Figure 1-12. Schematic illustration of neutral block copolymer and quaternized block
copolymer.'?!

Besides the properties of anion exchange thin films, understanding the interface
between ionomer and catalyst is also critical for the high performance and stability of
AEMFC. Kimura and co-authors investigated the BAF-QAF/substrate (SiO, and Pt)
interface by neutron reflectometry (NR) at 60 °C under various relative humidity (RH).
12

A Hydrophilic interface was observed between BAF-QAF ionomer and SiO> substrate.

Matanovic and co-authors investigated the interaction between the catalyst surface and

18



the alkaline ionomers used in AEMFC by density functional theory (DFT) calculations.
In the case of the same anode catalyst surface, the interaction energies between ionomer
and catalyst surface decrease in the following order: p-terphenyl > m-terphenyl >
biphenyl > diphenyl ether > benzene > o-terphenyl > 9,9-dimethyl fluorene which is
consistent with the fuel cell performance by using the corresponding ionomer in the
AEMFC.'?? Cao and co-authors regulate the interaction between catalyst and ionomers
by changing the alkyl spacer length between backbone and cation. The ionomer with the
suitable alkyl spacer length reduced the toxicity of catalyst due to the strong adsorption

of the ionomer backbone on the catalyst surface.'??
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1.4 Research objectives
Anion exchange thin film is critical for the electrochemical performance of AEMFC.

Nevertheless, the understanding of hydration and ion conductive properties of thin films

in OH form is limited. This is due to the conductivity and hydration properties

measurements of anion exchange thin films in the OH™ form should be conducted in a

CO»-free atmosphere. The literature mainly studied the anion conductive and hydration

properties of anion exchange thin films in halide and HCO3™ forms rather than OH™ form.

Hence, the author focused on the systematically understanding of hydration and ion

conductive properties of thin films in OH" form in this thesis. The research objectives

were summarized as follows:

(1) To establish the in situ OH™ conductivity and water uptake measurements of thin
films in OH™ form and investigate the film thickness dependence OH™ conductivity
and water uptake of reported anion conductive polymer.

(2) To establish the in situ temperature dependence OH™ conductivity measurement
process under the N> atmosphere. To synthesize new anion conductive polymers and
systematically investigate the effect of counter-anion and cationic groups on the
anion conductive and hydration properties of fluorene-thiophene-based anion
exchange thin films.

(3) To investigate the effect of side chain length on the anion conductive and hydration

properties of fluorene-thiophene-based anion exchange thin films.
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1.5 Outline of thesis

In chapter 1, the general introduction of this thesis summarized the recent
advancement of AEMs and emphasized the state-of-the-art anion exchange thin films.

In chapter 2, the in situ OH™ conductivity and water uptake measurements of thin
films in OH™ form were established. In addition, the film thickness dependence of OH"
conductivity and water uptake of thin films were investigated.

In chapter 3, fluorene-thiophene-based anion exchange thin films with different
cations were newly synthesized. In situ temperature dependence OH™ conductivity
measurement under the N> atmosphere was established. Furthermore, the effect of
counter-anion and cationic groups on the anion conductive and hydration properties of
fluorene-thiophene-based anion exchange thin films were systematically demonstrated.

In chapter 4, fluorene-thiophene-based anion conductive polymer with a shorter n-
propyl alkyl spacer between backbone and cationic group was newly synthesized. The
effect of side chain length on the anion conductive and hydration properties of fluorene-
thiophene-based anion exchange thin films was demonstrated.

In chapter 5, the general conclusion of this research was summarized. The findings
provide new insights for understanding the OH™ conductive and hydration properties of
anion exchange thin films under various RH conditions. Besides, the operation of
AEMFC under low RH conditions provides the advantages of lower cost and high
performance. However, the alkaline stability of ionomer under low RH differs from that

under high RH conditions. The in situ OH™ conductivity measurement method which was

21



established in this study can be used to investigate the alkaline stability of anion
conductive polymers under different RH, which is beneficial for developing high-

performance AEMFC.

22



References

1)

@)

3)

(4)

()

(6)

(7)

O’Hayre, R. P. Fuel Cells for Electrochemical Energy Conversion. EPJ Web Conf.
2018, 189, 00011. https://doi.org/10.1051/epjconf/201818900011.

Sharaf, O. Z.; Orhan, M. F. An Overview of Fuel Cell Technology: Fundamentals
and Applications. Renew. Sustain. Energy Rev. 2014, 32, 810-853.
https://doi.org/10.1016/j.rser.2014.01.012.

O’Hayre, R.; Cha, S.-W.; Colella, W.; Prinz, F. B. Chapter 8: Overview of Fuel
Cell Types. Fuel Cell Fundam. 2016, 269-302.
https://doi.org/10.1002/9781119191766.ch8.

Ramaswamy, N.; Mukerjee, S. Alkaline Anion-Exchange Membrane Fuel Cells:
Challenges in Electrocatalysis and Interfacial Charge Transfer. Chem. Rev. 2019,
119 (23), 11945-11979. https://doi.org/10.1021/acs.chemrev.9b00157.

Mekhilef, S.; Saidur, R.; Safari, A. Comparative Study of Different Fuel Cell
Technologies. Renew. Sustain. Energy Rev. 2012, 16 (1), 981-989.
https://doi.org/10.1016/j.rser.2011.09.020.

Pan, Z. F.; An, L.; Zhao, T. S.; Tang, Z. K. Advances and Challenges in Alkaline
Anion Exchange Membrane Fuel Cells. Prog. Energy Combust. Sci. 2018, 66,
141-175. https://doi.org/10.1016/j.pecs.2018.01.001.

Kim, Y.; Wang, Y.; France-Lanord, A.; Wang, Y.; Wu, Y. C. M.; Lin, S.; Li, Y.;
Grossman, J. C.; Swager, T. M. lonic Highways from Covalent Assembly in

Highly Conducting and Stable Anion Exchange Membrane Fuel Cells. J. Am.

23



(8)

©)

(10)

(11)

(12)

(13)

Chem. Soc. 2019, 141 (45), 18152-18159. https://doi.org/10.1021/jacs.9b08749.
Yassin, K.; Rasin, I. G.; Brandon, S.; Dekel, D. R. Quantifying the Critical Effect
of Water Diffusivity in Anion Exchange Membranes for Fuel Cell Applications. J.
Memb. Sci. 2020, 608, 118206. https://doi.org/10.1016/j.memsci.2020.118206.
Mandal, M.; Huang, G.; Kohl, P. A. Anionic Multiblock Copolymer Membrane
Based on Vinyl Addition Polymerization of Norbornenes: Applications in Anion-
Exchange Membrane Fuel Cells. J. Memb. Sci. 2019, 570-571, 394-402.
https://doi.org/10.1016/j.memsci.2018.10.041.

Choi, J.; Kim, M. H.; Han, J. Y.; Chae, J. E.; Lee, W. H.; Lee, Y. M,; Lee, S. Y ;
Jang, J. H.; Kim, J. Y.; Henkensmeier, D.; Yoo, S. J.; Sung, Y. E.; Kim, H. J.
Application of Spirobiindane-Based Microporous Poly(Ether Sulfone)s as
Polymeric Binder on Solid Alkaline Exchange Membrane Fuel Cells. J. Memb. Sci.
2018, 568, 67-75. https://doi.org/10.1016/j.memsci.2018.09.048.

Liang, X.; Shehzad, M. A.; Zhu, Y.; Wang, L.; Ge, X.; Zhang, J.; Yang, Z.; Wu,
L.; Varcoe, J. R.; Xu, T. lonomer Cross-Linking Immobilization of Catalyst
Nanoparticles for High Performance Alkaline Membrane Fuel Cells. Chem. Mater.
2019, 31 (19), 7812-7820. https://doi.org/10.1021/acs.chemmater.9b00999.
Vijayakumar, V.; Nam, S. Y. Recent Advancements in Applications of Alkaline
Anion Exchange Membranes for Polymer Electrolyte Fuel Cells. J. Ind. Eng. Chem.
2019, 70, 70-86. https://doi.org/10.1016/j.jiec.2018.10.026.

Noh, S.; Jeon, J. Y.; Adhikari, S.; Kim, Y. S.; Bae, C. Molecular Engineering of

24



(14)

(15)

(16)

(17)

(18)

(19)

Hydroxide Conducting Polymers for Anion Exchange Membranes in
Electrochemical Energy Conversion Technology. Acc. Chem. Res. 2019, 52 (9),
2745-2755. https://doi.org/10.1021/acs.accounts.9b00355.

You, W.; Noonan, K. J. T.; Coates, G. W. Alkaline-Stable Anion Exchange
Membranes: A Review of Synthetic Approaches. Prog. Polym. Sci. 2020, 100,
101177. https://doi.org/10.1016/j.progpolymsci.2019.101177.

Owens, B. B. A New Class of High-Conductivity Solid Electrolytes:
Tetraalkylammonium Lodide-Silver Lodide Double Salts. J. Electrochem. Soc.
1970, 117 (12), 1536. https://doi.org/10.1149/1.2407377.

Guinot, S.; Salmon, E.; Penneau, J. F.; Fauvarque, J. F. A New Class of PEO-
Based SPEs: Structure, Conductivity and Application to Alkaline Secondary
Batteries. Electrochim.  Acta 1998, 43  (10-11), 1163-1170.
https://doi.org/10.1016/S0013-4686(97)10015-9.

Agel, E.; Bouet, J.; Fauvarque, J. F. Characterization and Use of Anionic
Membranes for Alkaline Fuel Cells. J. Power Sources 2001, 101 (2), 267-274.
https://doi.org/10.1016/S0378-7753(01)00759-5.

Chen, N.; Lee, Y. M. Anion Exchange Polyelectrolytes for Membranes and
lonomers. Prog. Polym. Sci. 2021, 113, 101345.
https://doi.org/10.1016/j.progpolymsci.2020.101345.

Li, N.; Zhang, Q.;, Wang, C.; Lee, Y. M., Guiver, M. D.

Phenyltrimethylammonium  Functionalized Polysulfone Anion Exchange

25



(20)

(21)

(22)

(23)

(24)

Membranes. Macromolecules 2012, 45 (5), 2411-2419.
https://doi.org/10.1021/ma202681z.

Wang, J.; Li, S.; Zhang, S. Novel Hydroxide-Conducting Polyelectrolyte
Composed of an Poly(Arylene Ether Sulfone) Containing Pendant Quaternary
Guanidinium Groups for Alkaline Fuel Cell Applications. Macromolecules 2010,
43 (8), 3890-3896. https://doi.org/10.1021/mal00260a.

Chen, D.; Hickner, M. A. Degradation of Imidazolium- and Quaternary
Ammonium-Functionalized Poly(Fluorenyl Ether Ketone Sulfone) Anion
Exchange Membranes. ACS Appl. Mater. Interfaces 2012, 4 (11), 5775-5781.
https://doi.org/10.1021/am301557w.

Zhao, Z.; Wang, J.; Li, S.; Zhang, S. Synthesis of Multi-Block Poly(Arylene Ether
Sulfone) Copolymer Membrane with Pendant Quaternary Ammonium Groups for
Alkaline Fuel Cell. J. Power Sources 2011, 196 (10), 4445-4450.
https://doi.org/10.1016/j.jpowsour.2011.01.081.

Deavin, O. I.; Murphy, S.; Ong, A. L.; Poynton, S. D.; Zeng, R.; Herman, H.;
Varcoe, J. R. Anion-Exchange Membranes for Alkaline Polymer Electrolyte Fuel
Cells:  Comparison  of  Pendent  Benzyltrimethylammonium-  and
Benzylmethylimidazolium-Head- Groups. Energy Environ. Sci. 2012, 5 (9), 8584—
8597. https://doi.org/10.1039/c2ee22466f.

Park, E. J.; Kim, Y. S. Quaternized Aryl Ether-Free Polyaromatics for Alkaline

Membrane Fuel Cells: Synthesis, Properties, and Performance-a Topical Review.

26



(25)

(26)

(27)

(28)

(29)

J. Mater. Chem. A 2018, 6 (32), 15456-15477. https://doi.org/10.1039/c8ta05428b.
Hao, J.; Gao, X.; Jiang, Y.; Zhang, H.; Luo, J.; Shao, Z.; Yi, B. Crosslinked High-
Performance Anion Exchange Membranes Based on Poly(Styrene-b-(Ethylene-
Co-Butylene)-b-Styrene). J. Memb. Sci. 2018, 551, 66-75.
https://doi.org/10.1016/j.memsci.2018.01.033.

Wang, X.; Sheng, W.; Shen, Y.; Liu, L.; Dai, S.; Li, N. N-Cyclic Quaternary
Ammonium-Functionalized Anion Exchange Membrane with Improved Alkaline
Stability Enabled by Aryl-Ether Free Polymer Backbones for Alkaline Fuel Cells.
J. Memb. Sci. 2019, 587, 117135. https://doi.org/10.1016/j.memsci.2019.05.059.
Lai, A. N.; Wang, L. S.; Lin, C. X.; Zhuo, Y. Z.; Zhang, Q. G.; Zhu, A. M.; Liu,
Q. L. Phenolphthalein-Based Poly(Arylene Ether Sulfone Nitrile)s Multiblock
Copolymers as Anion Exchange Membranes for Alkaline Fuel Cells. ACS Appl.
Mater. Interfaces 2015, 7 (15), 8284-8292.
https://doi.org/10.1021/acsami.5b01475.

Lu, W.; Shao, Z. G.; Zhang, G.; Zhao, Y.; Yi, B. Crosslinked Poly(Vinylbenzyl
Chloride) with a Macromolecular Crosslinker for Anion Exchange Membrane Fuel
Cells. J. Power Sources 2014, 248, 905-914.
https://doi.org/10.1016/j.jpowsour.2013.08.141.

Miyake, J.; Watanabe, M.; Miyatake, K. Ammonium-Functionalized Poly(Arylene
Ether)s as Anion-Exchange Membranes. Polym. J. 2014, 46 (10), 656-663.

https://doi.org/10.1038/pj.2014.56.

27



(30)

(31)

(32)

(33)

(34)

(35)

Hibbs, M. R.; Fujimoto, C. H.; Cornelius, C. J. Synthesis and Characterization of
Poly(Phenylene)-Based Anion Exchange Membranes for Alkaline Fuel Cells.
Macromolecules 2009, 42 (21), 8316-8321. https://doi.org/10.1021/ma901538c.
Ma, H.; Zhu, H.; Wang, Z. Highly Alkaline Stable Anion Exchange Membranes
from Nonplanar Polybenzimidazole with Steric Hindrance Backbone. J. Polym.
Sci. Part A  Polym. Chem. 2019, 57  (10), 1087-1096.
https://doi.org/10.1002/pola.29363.

Wang, G.; Weng, Y.; Chu, D.; Xie, D.; Chen, R. Preparation of Alkaline Anion
Exchange Membranes Based on Functional Poly(Ether-Imide) Polymers for
Potential Fuel Cell Applications. J. Memb. Sci. 2009, 326 (1), 4-8.
https://doi.org/10.1016/j.memsci.2008.09.037.

Zhang, M.; Kim, H. K.; Chalkova, E.; Mark, F.; Lvov, S. N.; Chung, T. C. M. New
Polyethylene Based Anion Exchange Membranes (PE-AEMSs) with High lonic
Conductivity. Macromolecules 2011, 44 (15), 5937-5946.
https://doi.org/10.1021/ma200836d.

Li, D.; Park, E. J.; Zhu, W.; Shi, Q.; Zhou, Y.; Tian, H.; Lin, Y.; Serov, A.; Zulevi,
B.; Baca, E. D.; Fujimoto, C.; Chung, H. T.; Kim, Y. S. Highly Quaternized
Polystyrene lonomers for High Performance Anion Exchange Membrane Water
Electrolysers. Nat. Energy 2020, 5 (5), 378-385. https://doi.org/10.1038/s41560-
020-0577-x.

Wang, Z.; Parrondo, J.; Sankarasubramanian, S.; Bhattacharyya, K.; Ghosh, M.;

28



(36)

(37)

(38)

(39)

(40)

Ramani, V. Alkaline Stability of Pure Aliphatic-Based Anion Exchange
Membranes Containing Cycloaliphatic Quaternary Ammonium Cations. J.
Electrochem. Soc. 2020, 167 (12), 124504. https://doi.org/10.1149/1945-
7111/abac29.

Cao, Y. C.; Scott, K.; Wang, X. Preparation of Polytetrafluoroethylene Porous
Membrane Based Composite Alkaline Exchange Membrane with Improved
Tensile Strength and Its Fuel Cell Test. Int. J. Hydrogen Energy 2012, 37 (17),
12688-12693. https://doi.org/10.1016/j.ijhydene.2012.05.134.

Fujimoto, C.; Kim, D. S.; Hibbs, M.; Wrobleski, D.; Kim, Y. S. Backbone Stability
of Quaternized Polyaromatics for Alkaline Membrane Fuel Cells. J. Memb. Sci.
2012, 423-424, 438-449. https://doi.org/10.1016/j.memsci.2012.08.045.
Mohanty, A. D.; Tignor, S. E.; Krause, J. A.; Choe, Y. K.; Bae, C. Systematic
Alkaline Stability Study of Polymer Backbones for Anion Exchange Membrane
Applications. Macromolecules 2016, 49 (9), 3361-3372.
https://doi.org/10.1021/acs.macromol.5b02550.

Poynton, S. D.; Slade, R. C. T.; Omasta, T. J.; Mustain, W. E.; Escudero-Cid, R.;
Océn, P.; Varcoe, J. R. Preparation of Radiation-Grafted Powders for Use as Anion
Exchange lonomers in Alkaline Polymer Electrolyte Fuel Cells. J. Mater. Chem.
A 2014, 2 (14), 5124-5130. https://doi.org/10.1039/c4ta00558a.

Lee, W. H.; Mohanty, A. D.; Bae, C. Fluorene-Based Hydroxide lon Conducting

Polymers for Chemically Stable Anion Exchange Membrane Fuel Cells. ACS

29



(41)

(42)

(43)

(44)

(45)

(46)

Macro Lett. 2015, 4 (4), 453-457. https://doi.org/10.1021/acsmacrolett.5b00145.
Ono, H.; Kimura, T.; Takano, A.; Asazawa, K.; Miyake, J.; Inukali, J.; Miyatake,
K. Robust Anion Conductive Polymers Containing Perfluoroalkylene and Pendant
Ammonium Groups for High Performance Fuel Cells. J. Mater. Chem. A 2017, 5
(47), 24804-24812. https://doi.org/10.1039/C7TA09409D.

Salma, U.; Nagao, Y. Alkaline Stability of Ether Bond Free Fluorene-Based Anion
Exchange Polymer Containing Cycloaliphatic Quaternary Ammonium Groups.
Polym. Degrad. Stab. 2020, 179, 109299.
https://doi.org/10.1016/j.polymdegradstab.2020.109299.

Sun, Z.; Lin, B.; Yan, F. Anion-Exchange Membranes for Alkaline Fuel-Cell
Applications: The Effects of Cations. ChemSusChem 2018, 11 (1), 58-70.
https://doi.org/10.1002/cssc.201701600.

Miyake, J.; Fukasawa, K.; Watanabe, M.; Miyatake, K. Effect of Ammonium
Groups on the Properties and Alkaline Stability of Poly(Arylene Ether)-Based
Anion Exchange Membranes. J. Polym. Sci. Part A Polym. Chem. 2014, 52 (3),
383-389. https://doi.org/10.1002/pola.27011.

Dobbelin, M.; Azcune, |.; Bedu, M.; Ruiz De Luzuriaga, A.; Genua, A,
Jovanovski, V.; Cabariero, G.; Odriozola, I. Synthesis of Pyrrolidinium-Based
Poly(lonic Liquid) Electrolytes with Poly(Ethylene Glycol) Side Chains. Chem.
Mater. 2012, 24 (9), 1583-1590. https://doi.org/10.1021/cm203790z.

Noonan, K. J. T.; Hugar, K. M.; Kostalik, H. A.; Lobkovsky, E. B.; Abrufia, H. D.;

30



(47)

(48)

(49)

(50)

(51)

(52)

Coates, G. W. Phosphonium-Functionalized Polyethylene: A New Class of Base-
Stable Alkaline Anion Exchange Membranes. J. Am. Chem. Soc. 2012, 134 (44),
18161-18164. https://doi.org/10.1021/ja307466s.

Gu, S.; Cai, R.; Luo, T.; Chen, Z.; Sun, M,; Liu, Y.; He, G.; Yan, Y. A Soluble and
Highly Conductive lonomer for High-Performance Hydroxide Exchange
Membrane Fuel Cells. Angew. Chemie 2009, 121 (35), 6621-6624.
https://doi.org/10.1002/ange.200806299.

Kim, D. S.; Labouriau, A.; Guiver, M. D.; Kim, Y. S. Guanidinium-Functionalized
Anion Exchange Polymer Electrolytes via Activated Fluorophenyl-Amine
Reaction. Chem. Mater. 2011, 23 @an, 3795-3797.
https://doi.org/10.1021/cm2016164.

Chen, N.; Zhu, H.; Chu, Y.; Li, R.; Liu, Y.; Wang, F. Cobaltocenium-Containing
Polybenzimidazole Polymers for Alkaline Anion Exchange Membrane
Applications. Polym. Chem. 2017, 8 (8), 1381-1392.
https://doi.org/10.1039/C6PY01936F.

Zha, Y.; Disabb-miller, M. L.; Johnson, Z. D.; Hickner, M. A.; Tew, G. N. Metal-
Cation-Based Anion Exchange Membranes. 2012, 2-5.

Couture, G.; Alaaeddine, A.; Boschet, F.; Ameduri, B. Polymeric Materials as
Anion-Exchange Membranes for Alkaline Fuel Cells. Prog. Polym. Sci. 2011, 36
(11), 1521-1557. https://doi.org/10.1016/j.progpolymsci.2011.04.004.

Marino, M. G.; Kreuer, K. D. Alkaline Stability of Quaternary Ammonium Cations

31



(53)

(54)

(55)

(56)

(57)

(58)

for Alkaline Fuel Cell Membranes and lonic Liquids. ChemSusChem 2015, 8 (3),
513-523. https://doi.org/10.1002/cssc.201403022.

Kim, D. S.; Fujimoto, C. H.; Hibbs, M. R.; Labouriau, A.; Choe, Y. K.; Kim, Y. S.
Resonance Stabilized Perfluorinated lonomers for Alkaline Membrane Fuel Cells.
Macromolecules 2013, 46 (19), 7826—-7833. https://doi.org/10.1021/ma401568f.
Li, N.; Wang, L.; Hickner, M. Cross-Linked Comb-Shaped Anion Exchange
Membranes with High Base Stability. Chem. Commun. 2014, 50 (31), 4092-4095.
https://doi.org/10.1039/c3cc49027Kk.

Pan, J.; Li, Y.; Han, J.; Li, G.; Tan, L.; Chen, C.; Lu, J.; Zhuang, L. A Strategy for
Disentangling the Conductivity-Stability Dilemma in Alkaline Polymer
Electrolytes. Energy  Environ. Sci. 2013, 6 (10), 2912-2915.
https://doi.org/10.1039/c3ee41968a.

Fan, J.; Willdorf-Cohen, S.; Schibli, E. M.; Paula, Z.; Li, W.; Skalski, T. J. G.;
Sergeenko, A. T.; Hohenadel, A.; Frisken, B. J.; Magliocca, E.; Mustain, W. E.;
Diesendruck, C. E.; Dekel, D. R.; Holdcroft, S. Poly(Bis-Arylimidazoliums)
Possessing High Hydroxide lon Exchange Capacity and High Alkaline Stability.
Nat. Commun. 2019, 10 (1). https://doi.org/10.1038/s41467-019-10292-z.

Sun, Z.; Pan, J.; Guo, J.; Yan, F. The Alkaline Stability of Anion Exchange
Membrane for Fuel Cell Applications: The Effects of Alkaline Media. Adv. Sci.
2018, 5 (8). https://doi.org/10.1002/advs.201800065.

Qiu, M.; Zhang, B.; Wu, H.; Cao, L.; He, X,; Li, Y.; Li, J.; Xu, M.; Jiang, Z.

32



(59)

(60)

(61)

(62)

(63)

(64)

Preparation of Anion Exchange Membrane with Enhanced Conductivity and
Alkaline Stability by Incorporating lonic Liquid Modified Carbon Nanotubes. J.
Memb. Sci. 2019, 573, 1-10. https://doi.org/10.1016/j.memsci.2018.11.070.
Nufiez, S. A.; Hickner, M. A. Quantitative 'H NMR Analysis of Chemical
Stabilities in Anion-Exchange Membranes. ACS Macro Lett. 2013, 2 (1), 49-52.
https://doi.org/10.1021/mz300486h.

Irfan, M.; Bakangura, E.; Afsar, N. U.; Hossain, M. M.; Ran, J.; Xu, T. Preparation
and Performance Evaluation of Novel Alkaline Stable Anion Exchange
Membranes. J. Power Sources 2017, 355, 171-180.
https://doi.org/10.1016/j.jpowsour.2017.03.146.

You, W.; Noonan, K. J. T.; Coates, G. W. Alkaline-Stable Anion Exchange
Membranes: A Review of Synthetic Approaches. Progress in Polymer Science
2020, 100, 101177. https://doi.org/10.1016/j.progpolymsci.2019.101177.

Dekel, D. R.; Rasin, I. G.; Brandon, S. Predicting Performance Stability of Anion
Exchange Membrane Fuel Cells. J. Power Sources 2019, 420, 118-123.
https://doi.org/10.1016/j.jpowsour.2019.02.069.

Nufiez, S. A.; Capparelli, C.; Hickner, M. A. N-Alkyl Interstitial Spacers and
Terminal Pendants Influence the Alkaline Stability of Tetraalkylammonium
Cations for Anion Exchange Membrane Fuel Cells. Chem. Mater. 2016, 28 (8),
2589-2598. https://doi.org/10.1021/acs.chemmater.5b04767.

Li, N.; Leng, Y.; Hickner, M. A.; Wang, C. Y. Highly Stable, Anion Conductive,

33



(65)

(66)

(67)

(68)

(69)

Comb-Shaped Copolymers for Alkaline Fuel Cells. J. Am. Chem. Soc. 2013, 135
(27), 10124-10133. https://doi.org/10.1021/ja403671u.

Ye, Y.; Elabd, Y. A. Chemical Stability of Anion Exchange Membranes for
Alkaline  Fuel Cells. ACS Symp. Ser. 2012, 1096, 233-251.
https://doi.org/10.1021/bk-2012-1096.ch014.

Qaisrani, N. A.; Ma, L.; Hussain, M.; Liu, J.; Li, L.; Zhou, R.; Jia, Y.; Zhang, F.;
He, G. Hydrophilic Flexible Ether Containing, Cross-Linked Anion-Exchange
Membrane Quaternized with DABCO. ACS Appl. Mater. Interfaces 2020, 12 (3),
3510-3521. https://doi.org/10.1021/acsami.9b15435.

Zhu, Y.; Ding, L.; Liang, X.; Shehzad, M. A.; Wang, L.; Ge, X.; He, Y.; Wu, L.;
Varcoe, J. R.; Xu, T. Beneficial Use of Rotatable-Spacer Side-Chains in Alkaline
Anion Exchange Membranes for Fuel Cells. Energy Environ. Sci. 2018, 11 (12),
3472-3479. https://doi.org/10.1039/c8ee02071}.

Wang, C.; Zhou, Y.; Xu, C.; Zhao, X.; Li, J.; Ren, Q. Synthesis and Properties of
New Side-Chain-Type Poly(Arylene Ether Sulfone)s Containing Tri-Imidazole
Cations as Anion-Exchange Membranes. Int. J. Hydrogen Energy 2018, 43 (45),
20739-20749. https://doi.org/10.1016/j.ijhydene.2018.08.182.

Gao, X. L.; Yang, Q.; Wu, H. Y.; Sun, Q. H.; Zhu, Z. Y.; Zhang, Q. G.; Zhu, A.
M.; Liu, Q. L. Orderly Branched Anion Exchange Membranes Bearing Long
Flexible Multi-Cation Side Chain for Alkaline Fuel Cells. J. Memb. Sci. 2019, 589,

117247. https://doi.org/10.1016/j.memsci.2019.117247.

34



(70)

(71)

(72)

(73)

(74)

(75)

Ren, R.; Zhang, S.; Miller, H. A.; Vizza, F.; Varcoe, J. R.; He, Q. Facile
Preparation of Novel Cardo Poly(Oxindolebiphenylylene) with Pendent
Quaternary Ammonium by Superacid-Catalysed Polyhydroxyalkylation Reaction
for Anion Exchange Membranes. J. Memb. Sci. 2019, 591, 117320.
https://doi.org/10.1016/j.memsci.2019.117320.

Liu, F. H.; Yang, Q.; Gao, X. L.; Wu, H. Y.; Zhang, Q. G.; Zhu, A. M.; Liu, Q. L.
Anion Exchange Membranes with Dense N-Spirocyclic Cations as Side-Chain. J.
Memb. Sci. 2020, 595, 117560. https://doi.org/10.1016/j.memsci.2019.117560.
Lu, C.; Long, C.; Li, Y.; Li, Z.; Zhu, H. Chemically Stable Poly(Meta-Terphenyl
Piperidinium) with Highly Conductive Side Chain for Alkaline Fuel Cell
Membranes. J. Memb. Sci. 2020, 598, 117797.
https://doi.org/10.1016/j.memsci.2019.117797.

Li, L.; Lin, C. X.; Wang, X. Q.; Yang, Q.; Zhang, Q. G.; Zhu, A. M,; Liu, Q. L.
Highly Conductive Anion Exchange Membranes with Long Flexible Multication
Spacer. J. Memb. Sci. 2018, 553, 209-217.
https://doi.org/10.1016/j.memsci.2018.02.048.

Liao, J.; Yu, X.; Chen, Q.; Gao, X.; Ruan, H.; Shen, J.; Gao, C. Monovalent Anion
Selective Anion-Exchange Membranes with Imidazolium Salt-Terminated Side-
Chains: Investigating the Effect of Hydrophobic Alkyl Spacer Length. J. Memb.
Sci. 2020, 599, 117818. https://doi.org/10.1016/j.memsci.2020.117818.

Akiyama, R.; Yokota, N.; Miyatake, K. Chemically Stable, Highly Anion

35



(76)

(77)

(78)

(79)

(80)

Conductive Polymers Composed of Quinquephenylene and Pendant Ammonium
Groups. Macromolecules 2019, 52 (5), 2131-2138.
https://doi.org/10.1021/acs.macromol.8b02199.

Lin, B.; Qiu, L.; Qiu, B.; Peng, Y.; Yan, F. A Soluble and Conductive Polyfluorene
lonomer with Pendant Imidazolium Groups for Alkaline Fuel Cell Applications.
Macromolecules 2011, 44 (24), 9642-9649. https://doi.org/10.1021/ma202159d.
Dang, H. S.; Jannasch, P. Exploring Different Cationic Alkyl Side Chain Designs
for Enhanced Alkaline Stability and Hydroxide lon Conductivity of Anion-
Exchange Membranes. Macromolecules 2015, 48 (16), 5742-5751.
https://doi.org/10.1021/acs.macromol.5b01302.

Wang, C.; Tao, Z.; Zhao, X.; Li, J.; Ren, Q. Poly(Aryl Ether Nitrile)s Containing
Flexible Side-Chain-Type Quaternary Phosphonium Cations as Anion Exchange
Membranes. Sci. China Mater. 2020, 63 (4), 533-543.
https://doi.org/10.1007/s40843-019-1222-x.

Koronka, D.; Matsumoto, A.; Otsuji, K.; Miyatake, K. Partially Fluorinated
Copolymers Containing Pendant Piperidinium Head Groups as Anion Exchange
Membranes for Alkaline Fuel Cells. RSC Adv. 2019, 9 (64), 37391-37402.
https://doi.org/10.1039/c9ra07775h.

Tomoi, M.; Yamaguchi, K.; Ando, R.; Kantake, Y.; Aosaki, Y.; Kubota, H.
Synthesis and Thermal Stability of Novel Anion Exchange Resins with Spacer

Chains. J.  Appl. Polym.  Sci. 1997, 64 (6), 1161-1167.

36



(81)

(82)

(83)

(84)

(85)

https://doi.org/10.1002/(sici)1097-4628(19970509)64:6<1161::aid-
appl16>3.3.co;2-l.

Bai, T. ting; Cong, M. yan; Jia, Y. xiang; Ma, K. ke; Wang, M. Preparation of Self-
Crosslinking Anion Exchange Membrane with Acid Block Performance from
Side-Chain ~ Type  Polysulfone.  J. Memb.  Sci. 2020,  599.
https://doi.org/10.1016/j.memsci.2020.117831.

Pan, Y.; Zhang, Q.; Yan, X.; Liu, J.; Xu, X.; Wang, T.; El Hamouti, I.; Ruan, X.;
Hao, C.; He, G. Hydrophilic Side Chain Assisting Continuous lon-Conducting
Channels for Anion Exchange Membranes. J. Memb. Sci. 2018, 552, 286-294.
https://doi.org/10.1016/j.memsci.2018.02.020.

Irfan, M.; Ge, L.; Wang, Y.; Yang, Z.; Xu, T. Hydrophobic Side Chains Impart
Anion Exchange Membranes with High Monovalent-Divalent Anion Selectivity in
Electrodialysis. ACS Sustain. Chem. Eng. 2019, 7 (4), 4429-4442.
https://doi.org/10.1021/acssuschemeng.8b06426.

Yang, C.; Liu, L.; Huang, Y.; Dong, J.; Li, N. Anion-Conductive Poly(2,6-
Dimethyl-1,4-Phenylene Oxide) Grafted with Tailored Polystyrene Chains for
Alkaline  Fuel Cells. J.  Memb. Sci. 2019, 573, 247-256.
https://doi.org/10.1016/j.memsci.2018.12.013.

Liu, X.; Wu, D.; Liu, X.; Luo, X.; Liu, Y.; Zhao, Q.; Li, J.; Dong, D. Perfluorinated
Comb-Shaped Cationic Polymer Containing Long-Range Ordered Main Chain for

Anion Exchange Membrane. Electrochim. Acta 2020, 336, 135757.

37



(86)

(87)

(88)

(89)

(90)

https://doi.org/10.1016/j.electacta.2020.135757.

Wang, C.; Tao, Z.; Zhou, Y.; Zhao, X.; Li, J.; Ren, Q.; Guiver, M. D. Anion
Exchange Membranes with Eight Flexible Side-Chain Cations for Improved
Conductivity and Alkaline Stability. Sci. China Mater. 2020, 63 (12), 2539-2550.
https://doi.org/10.1007/s40843-020-1432-7.

Hu, M.; Ding, L.; Shehzad, M. A.; Ge, Q.; Liu, Y.; Yang, Z.; Wu, L.; Xu, T. Comb-
Shaped Anion Exchange Membrane with Densely Grafted Short Chains or Loosely
Grafted Long Chains? J.  Memb. Sci. 2019, 585, 150-156.
https://doi.org/10.1016/j.memsci.2019.05.034.

Lai, A. N.; Zhuo, Y. Z.; Lin, C. X.; Zhang, Q. G.; Zhu, A. M.; Ye, M. L.; Liu, Q.
L. Side-Chain-Type Phenolphthalein-Based Poly(Arylene Ether Sulfone Nitrile)s
Anion Exchange Membrane for Fuel Cells. J. Memb. Sci. 2016, 502, 94-105.
https://doi.org/10.1016/j.memsci.2015.12.044.

Lin, C. X.; Huang, X. L.; Guo, D.; Zhang, Q. G.; Zhu, A. M.; Ye, M. L,; Liu, Q.
L. Side-Chain-Type Anion Exchange Membranes Bearing Pendant Quaternary
Ammonium Groups: Via Flexible Spacers for Fuel Cells. J. Mater. Chem. A 2016,
4 (36), 13938-13948. https://doi.org/10.1039/c6ta05090e.

Zhu, L.; Pan, J.; Christensen, C. M.; Lin, B.; Hickner, M. A. Functionalization of
Poly(2,6-Dimethyl-1,4-Phenylene Oxide)s with Hindered Fluorene Side Chains
for Anion Exchange Membranes. Macromolecules 2016, 49 (9), 3300-3309.

https://doi.org/10.1021/acs.macromol.6b00578.

38



(91)

(92)

(93)

(94)

(95)

(96)

Li, X.; Nie, G.; Tao, J.; Wu, W.; Wang, L.; Liao, S. Assessing the Influence of
Side-Chain and Main-Chain Aromatic Benzyltrimethyl Ammonium on Anion
Exchange Membranes. ACS Appl. Mater. Interfaces 2014, 6 (10), 7585-7595.
https://doi.org/10.1021/am500915w.

Xue, J.; Zhang, J.; Liu, X.; Huang, T.; Jiang, H.; Yin, Y.; Qin, Y.; Guiver, M. D.
Toward Alkaline-Stable Anion Exchange Membranes in Fuel Cells: Cycloaliphatic
Quaternary Ammonium-Based Anion Conductors; Springer Singapore, 2021.
https://doi.org/10.1007/s41918-021-00105-7.

Ziv, N.; Mustain, W. E.; Dekel, D. R. The Effect of Ambient Carbon Dioxide on
Anion-Exchange Membrane Fuel Cells. ChemSusChem 2018, 11 (7), 1136-1150.
https://doi.org/10.1002/cssc.201702330.

Yanagi, H.; Fukuta, K. Anion Exchange Membrane and lonomer for Alkaline
Membrane Fuel Cells (AMFCs). ECS Trans. 2008, 16 (2), 257-262.
https://doi.org/10.1149/1.2981860.

Pan, D.; Olsson, J. S.; Jannasch, P. Poly(Fluorene Alkylene) Anion Exchange
Membranes with Pendant Spirocyclic and Bis-Spirocyclic Quaternary Ammonium
Cations. ACS Appl. Energy Mater. 2021, 5, 981-991.
https://doi.org/10.1021/acsaem.1c03359.

Tao, Z.; Wang, C.; Cai, S.; Qian, J.; Li, J. Efficiency and Oxidation Performance
of Densely Flexible Side-Chain Piperidinium-Functionalized Anion Exchange

Membranes for Vanadium Redox Flow Batteries. ACS Appl. Energy Mater. 2021,

39



(97)

(98)

(99)

(100)

(101)

(102)

4 (12), 14488-14496. https://doi.org/10.1021/acsaem.1c03159.

Sana, B.; Das, A.; Sharma, M.; Jana, T. Alkaline Anion Exchange Membrane from
Alkylated Polybenzimidazole. ACS Appl. Energy Mater. 2021, 4 (9), 9792-9805.
https://doi.org/10.1021/acsaem.1c01862.

Zhang, J.; Yu, W.; Liang, X.; Zhang, K.; Wang, H.; Ge, X.; Wei, C.; Song, W.; Ge,
Z.; Wu, L.; Xu, T. Flexible Bis-Piperidinium Side Chains Construct Highly
Conductive and Robust Anion-Exchange Membranes. ACS Appl. Energy Mater.
2021, 4 (9), 9701-9711. https://doi.org/10.1021/acsaem.1c01783.

Long, C.; Zhao, T.; Tian, L.; Liu, Q.; Wang, F.; Wang, Z.; Zhu, H. Highly Stable
and Conductive Multicationic Poly(Biphenyl Indole) with Extender Side Chains
for Anion Exchange Membrane Fuel Cells. ACS Appl. Energy Mater. 2021, 4 (6),
6154-6165. https://doi.org/10.1021/acsaem.1¢c00942.

Bai, L.; Ma, L.; Li, L.; Zhang, A.; Yan, X.; Zhang, F.; He, G. Branched, Side-
Chain Grafted Polyarylpiperidine Anion Exchange Membranes for Fuel Cell
Application. ACS Appl. Energy Mater. 2021, 4 (7), 6957-6967.
https://doi.org/10.1021/acsaem.1c01037.

Yang, S.; Chu, X.; Xue, B.; Lv, T.; Lin, B.; Zhang, Z. H. Polyether Ether Ketone-
Based Anion Exchange Membranes with Bis-Imidazolium Cations for All-
Vanadium Redox Flow Batteries. ACS Appl. Energy Mater. 2021, 4 (7), 6787—
6796. https://doi.org/10.1021/acsaem.1c00887.

Zhang, F.; Li, T.; Chen, W.; Wu, X.; Yan, X.; Xiao, W.; Zhang, Y.; Wang, X.; He,

40



(103)

(104)

(105)

(106)

(107)

G. Electron-Donating C-NH2Link Backbone for Highly Alkaline and Mechanical
Stable Anion Exchange Membranes. ACS Appl. Mater. Interfaces 2021, 13 (8),
10490-10499. https://doi.org/10.1021/acsami.1c00324.

Arunachalam, M.; Sinopoli, A.; Aidoudi, F.; Creager, S. E.; Smith, R.; Merzouguli,
B.; Aissa, B. High Performance of Anion Exchange Blend Membranes Based on
Novel Phosphonium Cation Polymers for All-Vanadium Redox Flow Battery
Applications. ACS Appl. Mater. Interfaces 2021, 13 (38), 45935-45943.
https://doi.org/10.1021/acsami.1c10872.

Das, A.; Sana, B.; Bhattacharyya, R.; Chandra Ghosh, P.; Jana, T. Cross-Linked
Alkaline Anion Exchange Membrane from N-Spirocyclic Quaternary Ammonium
and Polybenzimidazole. ACS Appl. Polym. Mater. 2022, 4, 1523-1534.
https://doi.org/10.1021/acsapm.1¢c01926.

Xu, F.; Chen, Y.; Lin, B.; Li, J.; Qiu, K.; Ding, J. Highly Durable Ether-Free
Polyfluorene-Based Anion Exchange Membranes for Fuel Cell Applications. ACS
Macro Lett. 2021, 10 (10), 1180-1185.
https://doi.org/10.1021/acsmacrolett.1c00506.

Tang, W.; Mu, T.; Che, X.; Dong, J.; Yang, J. Highly Selective Anion Exchange
Membrane Based on Quaternized Poly(Triphenyl Piperidine) for the Vanadium
Redox Flow Battery. ACS Sustain. Chem. Eng. 2021, 9 (42), 14297-14306.
https://doi.org/10.1021/acssuschemeng.1c05648.

Li, L.; Wang, J. A.; Ma, L.; Bai, L.; Zhang, A.; Qaisrani, N. A.; Yan, X.; Zhang,

41



(108)

(109)

(110)

(111)

(112)

F.; He, G. Dual-Side-Chain-Grafted Poly(Phenylene Oxide) Anion Exchange
Membranes for Fuel-Cell and Electrodialysis Applications. ACS Sustain. Chem.
Eng. 2021, 9, 8611-8622. https://doi.org/10.1021/acssuschemeng.1c02189.

Yuan, C.; Li, P.; Zeng, L.; Duan, H.; Wang, J.; Wei, Z. Poly(Vinyl Alcohol)-Based
Hydrogel Anion Exchange Membranes for Alkaline Fuel Cell. Macromolecules
2021, 54 (17), 7900-7909. https://doi.org/10.1021/acs.macromol.1c00598.
Langer, J. L.; Economy, J.; Cahill, D. G. Absorption of Water and Mechanical
Stress in Immobilized Poly(Vinylbenzyltrialkylammonium Chloride) Thin Films.
Macromolecules 2012, 45 (7), 3205-3212. https://doi.org/10.1021/ma300242j.
Luo, X.; Kushner, D. I.; Li, J.; Park, E. J.; Kim, Y. S.; Kusoglu, A. Anion Exchange
lonomers: Impact of Chemistry on Thin-Film Properties. Adv. Funct. Mater. 2021,
31 (20), 1-12. https://doi.org/10.1002/adfm.202008778.

Su, Z.; Kole, S.; Harden, L. C.; Palakkal, V. M.; Kim, C.; Nair, G.; Arges, C. G.;
Renner, J. N. Peptide-Modified Electrode Surfaces for Promoting Anion Exchange
lonomer Microphase Separation and lonic Conductivity. ACS Mater. Lett. 2019, 1
(4), 467-475. https://doi.org/10.1021/acsmaterialslett.9b00173.

Kimura, T.; Kawamoto, T.; Aoki, M.; Mizusawa, T.; Yamada, N. L.; Miyatake, K.;
Inukai, J. Sublayered Thin Films of Hydrated Anion Exchange lonomer for Fuel
Cells Formed on SiO2 and Pt Substrates Analyzed by Neutron Reflectometry
under Controlled Temperature and Humidity Conditions. Langmuir 2020, 36 (18),

4955-4963. https://doi.org/10.1021/acs.langmuir.0c00440.

42



(113)

(114)

(115)

(116)

(117)

Buggy, N. C.; Du, Y.; Kuo, M. C.; Seifert, S.; Gasvoda, R. J.; Agarwal, S.;
Coughlin, E. B.; Herring, A. M. Designing Anion-Exchange lonomers with
Oriented Nanoscale Phase Separation at a Silver Interface. J. Phys. Chem. C 2021,
125 (37), 20592-20605. https://doi.org/10.1021/acs.jpcc.1c06036.

Shrivastava, U. N.; Zhegur-Khais, A.; Bass, M.; Willdorf-Cohen, S.; Freger, V.;
Dekel, D. R.; Karan, K. Water Content and lonic Conductivity of Thin Films of
Different Anionic Forms of Anion Conducting lonomers. J. Phys. Chem. C 2020,
124 (43), 23469-23478. https://doi.org/10.1021/acs.jpcc.0c04278.

Divekar, A. G.; Buggy, N. C.; Dudenas, P. J.; Kusoglu, A.; Seifert, S.; Pivovar, B.
S.; Herring, A. M. Thin Film Morphological Characteristics of a Perfluorinated
Anion Exchange Membrane. ECS Meet. Abstr. 2019, MA2019-02 (36), 1655-1655.
https://doi.org/10.1149/ma2019-02/36/1655.

Bharath, V. J.; Millichamp, J.; Neville, T. P.; Mason, T. J.; Shearing, P. R.; Brown,
R. J. C.; Manos, G.; Brett, D. J. L. Measurement of Water Uptake in Thin-Film
Nafion and Anion Alkaline Exchange Membranes Using the Quartz Crystal
Microbalance. J. Memb. Sci. 2016, 497, 229-238.
https://doi.org/10.1016/j.memsci.2015.09.027.

Kushner, D. 1.; Zhu, L.; Kusoglu, A.; Hickner, M. A. Side Chain Influence on the
Mechanical Properties and Water Uptake of Confined Comb-Shaped Cationic
Polymer Thin Films. Macromol. Chem. Phys. 2016, 217 (21), 2442-2451.

https://doi.org/10.1002/macp.201600254.

43



(118)

(119)

(120)

(121)

(122)

(123)

Modestino, M. A.; Paul, D. K.; Dishari, S.; Petrina, S. A.; Allen, F. I.; Hickner, M.
A.; Karan, K.; Segalman, R. A.; Weber, A. Z. Self-Assembly and Transport
Limitations in Confined Nafion Films. Macromolecules 2013, 46 (3), 867-873.
https://doi.org/10.1021/ma301999a.

Kusoglu, A.; Weber, A. Z. New Insights into Perfluorinated Sulfonic-Acid
lonomers. Chem. Rev. 2017, 117 (3), 987-1104.
https://doi.org/10.1021/acs.chemrev.6b00159.

Karan, K. Interesting Facets of Surface, Interfacial, and Bulk Characteristics of
Perfluorinated lonomer Films. Langmuir 2019, 35 (42), 13489-13520.
https://doi.org/10.1021/acs.langmuir.8b03721.

Buggy, N. C.; Du, Y.; Kuo, M.-C.; Seifert, S.; Gasvoda, R. J.; Agarwal, S.;
Coughlin, E. B.; Herring, A. M. Designing Anion-Exchange lonomers with
Oriented Nanoscale Phase Separation at a Silver Interface. J. Phys. Chem. C 2021.
https://doi.org/10.1021/acs.jpcc.1c06036.

Matanovic, I.; Maurya, S.; Park, E. J.; Jeon, J. Y.; Bae, C.; Kim, Y. S. Adsorption
of Polyaromatic Backbone Impacts the Performance of Anion Exchange
Membrane Fuel Cells. Chem. Mater. 2019, 31 (11), 4195-4204.
https://doi.org/10.1021/acs.chemmater.9b01092.

Cao, H.; Pan, J.; Zhu, H.; Sun, Z.; Wang, B.; Zhao, J.; Yan, F. Interaction
Regulation Between lonomer Binder and Catalyst: Active Triple-Phase Boundary

and High Performance Catalyst Layer for Anion Exchange Membrane Fuel Cells.

44



Adv. Sci. 2021, 8 (19), 1-14. https://doi.org/10.1002/advs.202101744.

45



Chapter 2
Anion Conductive Properties and Water Uptake of Fluorene-based

Anion Exchange Thin Films

Abstract

Several studies exhibited different water content and proton conductive properties
between proton exchange thin film and membrane. The water uptake and OH™ conduction
properties of anion exchange membrane have been studied extensively. Nevertheless,
there is no literature investigating OH™ conductivity and water uptake of anion exchange
thin films. In situ OH  conductivity and quartz crystal microbalance (QCM)
measurements were newly established to investigate the OH™ conductivity and water
uptake of thin film under a CO;-free atmosphere. Poly[(9,9-bis(6'-(N,N,N-
trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene)] (PFB-TMA) was chosen as a
model anion conductive polymer in this chapter. At 25 °C under 95% relative humidity
(RH), the OH" conductivity of PFB-TMA-OH (273-nm-thick) thin film was 5.3 x 102 S
cm’', which is similar to that of the membrane in the literature. Under the same RH,
decreased OH™ conductivity and water uptake were observed in the PFB-TMA-OH (30-
nm-thick) film. The decreased water uptake of a thinner film is contributed to the reduced
OH- conductivity. Under the same number of water molecules, only slightly decreased
OH’ conductivity was found in the thinner film. Compared with bulk membrane, similar

OH" conductivity was observed in PFB-TMA-OH thin film, which differs from acidic

46



ionomer. Film thickness dependent OH™ conductivity and water uptake was newly

observed in PFB-TMA-OH thin films.
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2.1 Introduction

Environmental pollution and global warming have become critical due to pollutant
gas emissions. Conventional power generating systems commonly used in factories and
vehicles are the main source of pollutant gas. Therefore, there is an urgent need to develop
environment-friendly power generation systems. The fuel cell is a clean, highly efficient,
mobile, and noise-free operation power generation system.! Among the various types of
fuel cells, proton exchange membrane fuel cells (PEMFCs) are an active research area.
However, one of the most challenging hurdles for the large-scale use of PEMFCs is the
employment of precious metal catalysts in acidic environments. Compared to PEMFCs,
anion exchange membrane fuel cells (AEMFCs) provide a lower cost by using non-
precious metal catalysts and faster oxygen reduction reaction (ORR) kinetics in alkaline
conditions.?

There are two kinds of anion conductive polymers in AEMFCs. Anion exchange
membranes (AEM) are installed between two electrodes and serves as a gas barrier and
ion conduction channel. Alkaline ionomer acts as a binder and ion conduction channel in
the catalyst layer in the electrode. The suitable alkaline ionomer can improve the
electrochemical performance of AEMFCs by forming an effective triple-phase interface
in the electrode. Hence, it is important to investigate the anion conductive and hydration
properties of anion exchange thin films. The OH" conduction and hydration properties of
anion exchange membrane have been investigated widely.*'# Nevertheless, the related

reports about anion exchange thin films are in halide and HCO3™ forms. Kushner and co-
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authors investigated the water uptake of quaternized poly(2,6-dimethyl-1,4-phenylene
oxide) (QA-PPO, in Br form) containing various alkyl side chain lengths in both
membrane and 100-nm-thick thin film. Compared to the QA-PPO membrane, all the 100-
nm-thick QA-PPO films exhibited higher % mass water content.!> The hydration and
anion conductive properties of commercial Fumasep Fumion FAA3 thin film in F~, Br’,
and HCOs™ forms under various RH were revealed. Less water uptake was obtained in the
FAA3 thin film than that of the FAA3 membrane. Interestingly, superior anion
conductivity was found in FAA3 thin films under the same hydration conditions.!¢ Luo
and co-authors investigated the water uptake of anion exchange thin film with different
structures (halide and HCO3™ forms). Different hydration properties can be observed
between membranes and these thin film form.!” However, the investigation of anion
exchange thin films in the OH™ form is insufficient because the whole process must be
conducted in a CO,-free atmosphere.'® To overcome this problem, in situ measurements
were established for measuring OH™ conductivity and water content of thin film in this
chapter.

Fluorene-based anion conductive polymers have been studied widely due to their
high chemical stability.”-1%-26 Poly[(9,9-bis(6'-(N,N,N-trimethylammonium)-
hexyl)fluorene)-alt-(1,4-benzene)] (PFB-TMA) membrane showed superior OH"
conductivity with good chemical stability.>! Hence, PFB-TMA was synthesized and
investigated as anion exchange thin film in this chapter. A new in situ measurement

process was developed to create a CO»-free measurement environment under different
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RH. Besides the measurement process, the sample transfer process was also carried out
under the N> atmosphere. The objective of this work is to understand the OH™ conductivity

and water uptake of OH™ form thin films.
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2.2 Experimental Section
2.2.1 Materials

1,4-Benzenediboronic acid bis(pinacol) ester, tetrabutylammonium bromide
(TBAB), 2,7-dibromofluorene, 1,6-dibromohexane, and tetrakis(triphenylphosphine)
palladium (0) (Pd (PPhs)s) were used as received from Tokyo Chemical Industry, Japan.
Sodium hydroxide, sodium chloride, magnesium sulfate, dichloromethane, sodium
bicarbonate, anhydrous, methanol, toluene, chloroform, hexane, tetrahydrofuran (THF),
potassium carbonate, 30% trimethylamine solution and diethyl ether were obtained from

Fujifilm Wako Pure Chemical Corp., Japan.
2.2.2 Synthesis of monomer and polymer

The synthetic route of 2,7-dibromo-9,9-bis(6'-bromohexyl)fluorene (DBF6),
poly[9,9-bis(6-bromohexyl)fluorene)-alt-1,4-benzene] (PFB), and poly[9,9-bis(6'-
(N,N,N-trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene)] (PFB-TMA) is shown

in Scheme 2-1.21%

S 4B TBAB, NaOH (50 wt%) RR
B @ O Br INANAN"Br > B R = C¢Hy,Br
. . 60°C,8 h Br @ O r o

DBF6
R R Pd(pph;)4, 2 M K,COj3, Toluene R,
100 °C, 60 h
o+ . -1 @ o'a
B r 2 THF H,0, O
\B
0 PFB 48h PFB-TMA
R =C¢H,,B
sH2Br R = C¢H,,Br R, = C¢H,,NMe;*Br-

Scheme 2-1. Synthetic Route of DBF6, PFB and PFB-TMA.
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DBF6

65 mmol of 1,6-dibromohexane, 2 mmol of TBAB, 8 mmol of 2,7-dibromofluorene,
30 mL of sodium hydroxide solution (50 wt%) were added together to the 100 mL three-
neck flask. The reaction temperature was controlled at 60 °C. During the 8 h reaction
period, the mixture was protected by argon. To obtain the organic layer, CH>Cl, was used
to extract the mixture. Next, water and brine were added to remove the residual NaOH
and catalyst in the organic layer. After that, the organic layer was dried with MgSQa.
Subsequently, the surplus 1,6-dibromohexane was evaporated by vacuum distillation.
Finally, the product was produced with a 71% yield by column chromatography. (Hexane
as eluent).
PFB

The Suzuki cross-coupling process was used to synthesize PFB. Firstly, a 50 mL
three-necked flask was filled with 2 mmol of 1,4-benzenediboronic acid bis(pinacol)
ester, 2 mmol of DBF, 15 mL of toluene, and 5 mL of 2 M K>COs solution. Secondly, the
mixture was degassed for five times and saturated with argon for half an hour. Finally,
the catalyst Pd (PPhs)s was added into the flask under argon atmosphere. The reaction
temperature was controlled at 100 °C. During the 60 h reaction period, the mixture was
protected by argon. The rotary evaporator was used to remove the remaining solvent after
reaction. CHCIz was used to dissolve the crude polymer, and hexane was used to
precipitate the polymer. This procedure was repeated several times. After drying the

polymer in a vacuum oven for 12 h, PFB was obtained finally. (Yield: 53%)
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PFB-TMA

PFB-TMA was obtained after the quaternization of PFB. 2 mL of THF was
employed to dissolve 200 mg of PFB in a vial. 2 mL of 30% TMA solution was added
once the PFB completely dissolved. 2 mL of DI water was added to the vial after the
appearance of precipitation. To achieve complete quaternization, the mixture solution was
stirred at room temperature for 2 days. The rotary evaporator was used for the removal of
solvent after the reaction process. MeOH was used to dissolve the crude product, and
diethyl ether was used to precipitate the product. After centrifugation and overnight
drying under vacuum, pure PFB-TMA was obtained. (Yield: 79%)
2.2.3 Characterization

'"H NMR spectra of monomer and polymers were recorded on (400 MHz) Bruker
Avance III spectrometer (Bruker Analytik GmbH). CDCl3z or MeOD-d,; was used as a
solvent. ATR-FTIR spectra were obtained by a FTIR spectrometer (Nicolet 6700; Thermo
Fisher Scientific Inc.) with a wavenumber ranging of 400-4000 cm™'. The weight average
molecular weight (My), number average molecular weight (M,), and polydispersity index
(PDI, Myw/M,) of PFB were estimated using gel permeation chromatography (GPC). THF
was applied as eluent. On a thermogravimetric analyzer, the thermal decomposition of
PFB-TMA was measured in the temperature range 40-600 °C with a heating rate of 10 °C
min’! under N> flow. The polymer was dried overnight at 40 °C under vacuum before

being measured.
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2.2.4 Ton Exchange Process

To get OH™ form PFB-TMA, PFB-TMA was immersed in 1 M NaOH solution for 2
days under the protection of Ar. Within 2 days, the 1 M NaOH solution was changed three
times. After that, degassed ultra-pure water was used to wash PFB-TMA (in OH" form)
until the pH was neutral. All the process for OH™ form anion conductive polymers was
performed under Ar or N> atmosphere. The HCO3™ form PFB-TMA was done by
immersing PFB-TMA in 1M NaHCO; solution for 2 days. Within 2 days, the 1 M
NaHCO;s solution was changed three times. After that, degassed ultra-pure water was used
to wash PFB-TMA (in HCO3™ form) until the pH was neutral. The Br, OH™ and HCO3"
forms of PFB-based anion conductive polymers were denoted as PFB-TMA-Br, PFB-
TMA-OH, and PFB-TMA-HCO:.
2.2.5 Preparation of Thin Films

The spin-coating (ACT-200; Active Co. Ltd.) of thin films were done on SiO2
substrates and Au-coated quartz crystal microbalance (QCM) substrates (Seiko EG&G
Co. Ltd.). The substrates were cleaned using 2-propanol and vacuum plasma (Cute-MP;
Femto Science Inc., Korea) before spin-coating. For the preparation of PFB-TMA-OH
thin films, the PFB-TMA-OH dispersion preparation and spin-coating processes were
performed under a N> atmosphere to remove the effect of CO». The thickness of PFB-
TMA thin films was measured by white light interference microscope after conductivity

measurement. 273 nm and 30 nm thick PFB-TMA films were used in this study.
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2.2.6 Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopy
(SEM-EDX)

TM3030Plus miniscope (Hitachi) was used to perform scanning Electron
Microscope and Energy Dispersive X-ray Spectroscopy (SEM-EDX). 15 kV was used as
the accelerating voltage.

2.2.7 RH-controlled In Situ Grazing-Incidence Small-Angle X-ray Scattering
Measurements (GI-SAXS)

On an X-ray diffractometer (FR-E; Rigaku Corp.) with an R-AXIS IV two-
dimensional detector, RH controlled GI-SAXS was performed. Source of Cu-Ko X-rays
(wavelength = 0.1542 nm). The thin film was held in a humidity-controlled cell on the
goniometer and vertical stage (ATS-C316-EM/ALV-3005-HM; Chuo Precision Industrial
Co. Ltd.). The RH was controlled using nitrogen gas and water vapor. Lumirror windows
are kept in the humidified cell. The camera's focal length was 300 mm, and the incidence
angle was 0.20°-0.22°.

2.2.8 Water Uptake Measurement of Anion Exchange Thin Films

Under controlled 0-95% RH conditions, the water uptake of PFB-TMA-Br and PFB-
TMA-OH thin films was obtained using an in situ quartz crystal microbalance (QCM)
system. Figure 2-1 shows the schematic diagram of in situ QCM system. QCM substrates
were coupled to a frequency counter and a DC power source in an oscillation circuit
(53131 A; Agilent Technologies, Inc.). QCM substrates with or without thin film were

held in a home-made small chamber with a high-resolution RH sensor to monitor the

55



temperature and RH. Humidity controller (BEL Flow; Mirrorable Corp.) was utilized to
create 0-95% RH conditions through modulating the N> and water vapor. The frequencies
of substrates with or without thin film were measured under 0% RH. The mass of dry thin
film mass can be got by the following Sauerbrey equation,
am = 2928 Camy ()
Where S is the surface area of the electrode; p is quartz density; u is the quartz shear

modulus respectively and F is the fundamental frequency of QCM substrate.

Water uptake A was calculated by the following equation:

EW

A= (mio— DX ()

Where m is the mass of the film under each RH, my represents the mass of film at
the dry condition, My,, represents the molecular weight of water molecules, and EW is

equivalent weight of PFB-TMA.

DC POWER SUPPLY

Humidity controller and N, protection / (0~95%RH) \
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Figure 2-1. Schematic illustration of QCM measurement system.
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2.2.9 Impedance Spectroscopy at Various Relative Humidity (RH)

The conductivity of PFB-TMA-Br, PFB-TMA-OH, and PFB-TMA-HCOj3 thin films
spin-coated on quartz substrates was measured at 25 °C by impedance spectroscopy. A
frequency response analyzer (SI1260; Solartron Analytical) equipped with a high-
frequency dielectric interface (SI11296; Solartron Analytical) was used to perform the
impedance spectroscopy measurement. Figure 2-2 shows the schematic diagram of in situ
OH’ conductivity measurement system. Humidity-temperature chamber (SH-221; Espec
Corp.) was used to generate the 40-95% RH which was the condition for the conductivity
measurement of PFB-TMA-Br and PFB-TMA-HCOs; thin films. For conductivity
measurement of PFB-TMA-OH thin films, the thin film electrodes were placed in a sealed
box with a high-resolution RH sensor. The temperature was controlled by humidity-
temperature chamber (SH-221; Espec Corp.). Precise dew point generator (me-40DP-
2PW; Micro equipment) was used to generate the 40-95% RH under a N2 atmosphere
which was the condition for the conductivity measurement of PFB-TMA-OH thin films.

Anion conductivity (o) was calculated according to the following equation,

where d denotes the distance between the Au electrodes, R represents the resistance

of thin film from impedance, 1, and t stand for the length of the contact electrodes and the

film thickness, respectively.
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Figure 2-2. Schematic illustration of in situ OH™ conductivity measurement process.
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2.3 Results and Discussions
2.3.1 Characterization of Monomer and Polymer

The chemical structure of DBF6 was confirmed by 'H NMR. Figure 2-3 shows the
"H NMR spectrum of DBF6. All proton signals can match the chemical structure of DBF6
well. The proton signals that emerged around 7.4-8.0 ppm are assigned to the protons of
the aromatic ring, as seen in Figure 2-3. It is noticeable that side chain proton signals

occurred at 0.4-3.4 ppm. The chemical structure of DBF6 was confirmed by 'H NMR

spectrum.
CDCl, H,0
d
abc
ef g h
8 7 5 5 4 3 2 1 0
5/ ppm

Figure 2-3. "H NMR spectrum of DBF6.
In this chapter, PFB was synthesized via a Suzuki cross-coupling reaction catalyzed
by Pd, which is similar with the previous literature.?!*” 'TH NMR was used to determine

the chemical structures of PFB. Figures 2-4 exhibits the "H NMR spectrum of PFB. The
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proton signals seen at 7.3-8.0 ppm in PFB are attributed to the aromatic rings. The proton
signal of terminal -CH> groups adjacent to Br was found around 3.3 ppm. The signals
around 0.4-3.4 ppm correspond to the protons of alkyl side chains. Quaternization
reaction of PFB (weight-average molecular weight (Mw)=32 kg mol ™) was performed to
obtain PFB-TMA. Figures 2-5 shows the 'H NMR spectrum of PFB-TMA. The proton
signals seen at 7.3-8.0 ppm in PFB-TMA are attributed to the aromatic ring of the PFB
backbone. Proton signals associated with the TMA group showed at 2.9-3.1 ppm for PFB-
TMA-Br. The newly discovered peak at 2.9-3.1 ppm indicates the presence of quaternary

ammonium. As a result, the '"H NMR results reveal that PFB and PFB-TMA-Br were

successfully synthesized.

a f b ce d
9 8 7 6 5 4 3 2 1 0

5/ ppm

Figure 2-4. 'H NMR spectrum of PFB.
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Figure 2-5. '"H NMR spectrum of PFB-TMA.

Thermogravimetric analysis (TGA) was utilized to demonstrate the thermal stability
of PFB-TMA. The TGA curve of PFB-TMA is shown in Figure 2-6. Three stages of
weight reduction were discovered, as depicted in Figure 2-6. The removal of absorbed
water caused the first weight loss step, which occurred below 100 °C. The decomposition
of the quaternary ammonium group caused the second weight loss step, which occurred
between 250 and 350 °C. The degradation of the polymer backbone could be responsible
for the third step of weight loss above 400 °C. The thermal decomposition temperature of
PFB-TMA was higher than the common working temperature of anion exchange

membrane fuel cells, according to thermal study.
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Figure 2-6. TGA curve of PFB-TMA.
Figure 2-7 exhibits the EDX spectra of PFB-TMA-Br and PFB-TMA-OH. The EDX

spectra indicated that Br™ ions decreased sharply after immersed in degassed 1 M NaOH

solution for 48 h. Most of Br™ ions have been exchanged by OH ions.

PFB-TMA-Br

PFB-TMA-OH

0.5 1.0 15 20 25 30 35 keV

Figure 2-7. EDX spectra of PFB-TMA-Br and PFB-TMA-OH.
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2.3.2 Morphology

RH-controlled GI-SAXS was used to examine the morphology of the PFB-TMA-Br
thin film at 0% and 95% RH. The 2D GI-SAXS spectra of PFB-TMA-Br thin film at 0%
and 95% RH are shown in Figure 2-8. PFB-TMA-Br thin film has no distinguishable
scattering peak, implying that PFB-TMA-Br thin film has an amorphous structure. Anion
exchange thin films with an amorphous structure have been reported.'>%?® Amorphous
structure was documented in a variety of hydrocarbon-based anion exchange thin films
in the literature.”® Nanophase separation in anion exchange thin films is substantially
weaker than in proton exchange thin films. The fact that quaternary ammonium groups
are less hydrophilic than sulfonic acid groups is one of the possible explanations for the
poor nanophase separation observed in anion exchange thin films. Furthermore, it may

be caused by an insufficient electron density contrast.

0% RH

95% RH

Figure 2-8. 2D GI-SAXS spectra of PFB-TMA-Br at dry and 95% RH.
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2.3.3 Water Uptake and Anion Conductivity

The water content of anion conductive polymers in thin film form is critical for the
anion conduction. Higher OH™ water uptake than Br was observed in AEM.?3°
Nevertheless, there is no study to elucidate the water adsorption amount of thin films in
OH form. In situ QCM was developed to investigate the water uptake of PFB-TMA-OH
thin films under different RH conditions. Figure 2-9 shows the water uptake result of
PFB-TMA-Br and PFB-TMA-OH thin films with 273 nm thickness as a function of RH.
A (number of H>O per functional group) was used to represent the water adsorption of
anion exchange thin film. As shown in Figure 2-9, the water uptake of PFB-TMA-Br and
PFB-TMA-OH thin films increased along with RH. The water content of PFB-TMA-OH
thin film is much higher than that of PFB-TMA-Br thin film. The higher water affinity
and dissociation degree of OH™ cause higher water uptake of PFB-TMA-OH thin film
than that of PFB-TMA-Br thin film.3! Results reveal that the counter-anion affects the

water uptake of PFB-TMA thin films.
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Figure 2-9. Water uptake of PFB-TMA-Br and PFB-TMA-OH thin films at 25 °C.
(Film thickness: 273 nm)

The water uptake of PFB-TMA-OH thin film at 25 °C under 95% RH was 77 wt%.
Lee and Co-authors demonstrated that the water uptake of PFB-TMA-OH bulk membrane
is 71 wt% at 30 °C in water, suggesting the comparable water uptake result between
membrane and thin film. !

The OH" conduction in anion exchange thin film is still unclear due to the
requirement of a CO»-free atmosphere. In situ OH™ conductivity measurement process for
thin film form was developed. Figure 2-10 summarizes the RH dependence of anion
conductivity of PFB-TMA-Br and PFB-TMA-OH thin films spin-coated on quartz
substrates. As shown in Figure 2-10, the anion conductivity increased with increasing RH.
The increased water uptake and mobile anion are contributed to the increased anion

conductivity with increasing RH. In the entire RH range, PFB-TMA-OH thin films had
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higher OH™ conductivity than the Br” conductivity of PFB-TMA-Br thin film. Lower Br’
conductivity than OH™ conductivity was confirmed in PFB-TMA thin films by the
established in situ conductivity measurement process. The Br~ conductivity and OH"
conductivity of PFB-TMA thin films under 95% RH are 2.2 x 102 and 5.3 x 102 S cm!,
respectively. Lee and co-authors demonstrated that the OH™ conductivity of PFB-TMA
membrane is 5.0 X 102 S em™ at 30°C in water.?! The result reveals that comparable OH-

conductivity was found in thin film form.
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Figure 2-10. Anion conductivity of PFB-TMA-OH and PFB-TMA-Br thin films as a
function of RH at 25 °C. (Film thickness: 273 nm)
To deeply understand the relationship between anion conductivity and water uptake,
the anion conductivity was plotted as number of water molecules. As shown in Figure 2-
11, much higher OH" conductivity was obtained than Br~ conductivity due to the high

dissociation degree and superior OH™ mobility under high number of water molecules.?*
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Figure 2-11. Anion conductivity of PFB-TMA-Br and PFB-TMA-OH thin films as a
function of number of water molecules at 25 °C. (Film thickness: 273 nm)

The OH- ions are easily converted to HCOs™ and CO3* in the air, leading to the
reduction of OH™ conductivity of anion conductive polymers. To avoid this situation, the
OH" conductivity measurement process in this chapter was conducted under N>
atmosphere. To confirm the accuracy of the OH™ conductivity measurement, the HCO3
conductivity of PFB-TMA-HCO:s thin films was measured under various RH. Figure 2-
12 shows the comparison of OH™ conductivity and HCOs3™ conductivity as a function of
RH. As shown in Figure 2-12, much higher OH™ conductivity than HCO3™ conductivity
under various RH. At 95% RH, the HCO3™ conductivity of PFB-TMA-HCOs 1s 1.7 x 10
2 S em’!, which is substantially lower than the conductivity of PFB-TMA-OH. The above

findings suggest that OH™ conductivity in thin films can be measured successfully.
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Figure 2-12. Anion conductivity of PFB-TMA-OH and PFB-TMA-HCO;5 thin films as a
function of RH at 25 °C. (Film thickness: 273 nm)
2.3.4 Film Thickness Dependence OH- Conductivity and Water Uptake

To elucidate the film thickness dependence water uptake and OH™ conductivity in
anion exchange thin film, a PFB-TMA-OH film with thickness 30 nm was prepared.
Figure 2-13 compares the OH™ conductivity of PFB-TMA-OH thin films at each thickness
as a function of RH. As shown in Figure 2-13, lower OH™ conductivity in PFB-TMA-OH
(30 nm) thin film than that of PFB-TMA-OH (273 nm) thin film was observed under the
same RH. At 95% RH, the OH™ conductivity of PFB-TMA-OH (30 nm) thin film is 3.5 x

102S cem™.
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Figure 2-13. OH™ conductivity of PFB-TMA-OH with different film thickness as a
function of RH at 25 °C.

Water uptake can provide a deep understanding of the properties of the thinner PFB-
TMA-OH thin film. The water adsorption of PFB-TMA-OH (30 nm) was also measured
under the N> atmosphere. The water uptake comparison of PFB-TMA-OH (273 nm) and
PFB-TMA-OH (30 nm) films as a function of RH was shown in Figure 2-14. As seen
from Figure 2-14, lower water uptake in PFB-TMA-OH (273 nm) thin film than that of

PFB-TMA-OH (273 nm) thin film was also found.
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Figure 2-14. Water uptake of PFB-TMA-OH with different film thickness as a function
of RH at 25 °C.

The thinner proton exchange thin film exhibited decreased proton conductivity was
reported. The lower water uptake in the thinner proton exchange film is contributed to the
decreased proton conductivity.*? To deeply clarify the relation between water uptake and
OH’ conductivity of PFB-TMA-OH thin films. The OH™ conductivity of PFB-TMA-OH
(273 nm) and PFB-TMA-OH (30 nm) thin films were compared as a function of the
number of water molecules. Figure 2-15 shows the number of water molecules
dependence of OH™ conductivity of PFB-TMA-OH (273 nm) and PFB-TMA-OH (30 nm)
thin films. With the increase of water uptake, the OH™ conductivity also increased in PFB-
TMA-OH thin films. As discussed in the water uptake part, PFB-TMA-OH (30 nm) thin
film contains less water than PFB-TMA-OH (273 nm) thin film. Under the same number

of water molecules, the OH™ conductivity was barely decreased in the PFB-TMA-OH (30
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nm) thin film. As the literature of proton exchange thin films, the above results suggest

that the reduced OH™ conductivity in PFB-TMA-OH (30 nm) thin film is related to the

decreased water uptake.
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Figure 2-15. Number of water molecules dependence of OH™ conductivity of PFB-
TMA-OH with different film thickness as a function of RH at 25 °C. The lines were
used to guideline the eyes.

Both interfacial OH™ transportation and internal OH™ transportation might be existed
in the OH form thin films. To distinguish the internal conduction or interfacial conduction
in PFB-TMA-OH thin films, the normalized resistance (R") was obtained according to
equation (4).

R=2@
where d denotes the distance between the Au electrodes, R represents the resistance value

from impedance, | stands for the length of the contact electrodes. The interfacial OH
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conduction can occur at both the air-film interface and substrate-film interface. If the
interfacial OH™ conduction mainly occurs in PFB-TMA-OH thin film, the film thickness
will not affect the normalized resistance. However, if the internal OH™ conduction occurs
in the thin film, then the normalized resistance depends on the film thickness. The
normalized interfacial resistance of PFB-TMA-OH thin films with different film
thicknesses as a function of RH was shown in Figure 2-16. As shown in Figure 2-16, the
normalized resistance of PFB-TMA-OH as a function of RH depends on the film

thickness. Therefore, internal OH™ conduction mainly occurs in PFB-TMA-OH thin films.
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Figure 2-16. RH dependence of the normalized interfacial resistance for PFB-TMA-

OH-273 nm and PFB-TMA-30 nm.
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2.4 Conclusions

In conclusion, this is the first time to elucidate the OH™ conductivity and water
content of anion exchange thin films. PFB-TMA was used as a model anion conductive
polymer. Newly developed in situ measurements were used to observe the OH-
conductivity and water uptake of PFB-TMA thin films under different RH which is
created by N2 and water vapor. Superior OH™ conductivity than Br~ conductivity was
confirmed in PFB-TMA thin films. Similar OH™ conductivity was observed in PFB-TMA-
OH (273 nm) film and reported membrane. The OH™ conductivity of PFB-TMA-OH (273
nm) and PFB-TMA-OH (30 nm) thin films was 5.3 x 102 S cm™ and 5 x 102 S cm™,
respectively. Besides, decreased number of water molecules adsorbed was found in the
PFB-TMA-OH (30 nm) thin film under the same RH. The deceased water adsorption in
the thinner film results in reduced OH™ conductivity. Under the same amount of water
uptake, only slightly decreased OH™ conductivity was observed in thinner PFB-TMA-OH

thin film.
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Chapter 3
Anion Conductive and Hydration Properties of Fluorene-Thiophene-

Based Anion Exchange Thin Films with Different Functional Groups

Abstract

New fluorene-thiophene-based anion conductive polymers carrying with
trimethylammonium (TMA) and N-methylpiperidinium (Pip) were synthesized in this
chapter. The anion conductive and hydration properties of anion exchange thin films with
different counter-anion and cations were studied. TMA-based anion exchange thin film
exhibited superior OH™ conductivity than that Pip-based anion exchange thin film, 1.8x10"
2'S ecm’! at 25 °C under 95% relative humidity (RH), because of high ion exchange
capacity (IEC), less hydrophobicity and smaller size of TMA. The number of water
molecules strongly affects the anion conductive properties of thin films. The high
dissociation degree of ion-pairs and high mobility are contributed to the superior OH
conductivity under high hydration conditions. In contrast, low number of water molecules
can result in higher Br" conductivity than OH™ conductivity. Newly established home-
made in situ measurement was used to investigate the temperature dependence OH"
conductivity under CO»-free atmosphere at 90% RH. The activation energy of anion
conduction is determined by the counter-anion. The influence of counter-anion and
cationic groups on the water uptake and anion conduction in the anion exchange thin films

has been comprehensively revealed, which is crucial for the design and development of
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anion exchange thin films.
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3.1 Introduction

As discussed in chapter 2, anion exchange thin film is a critical part that can dictate
the electrochemical performance of AEMFC. Understanding the water uptake, anion
conductive properties, and morphology of anion exchange thin film are important but still
unclear.'™* Because all procedures from OH" form thin film preparation to conductivity
and water uptake measurements should be performed under a CO»-free atmosphere. In
the second chapter, a CO>-free measurement technique for the OH- form thin films was
established. The OH™ conductivity of reported anion conductive polymer poly[(9,9-bis(6'-
(N,N,N-trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene)] (PFB-TMA) in thin
film form was reported. Film dependence of water uptake and OH™ conductivity of PFB-
TMA thin films have been revealed.’ Nonetheless, there is still a large gap to
systematically understand the OH™ form thin films, particularly the OH™ conductivity as a
function of temperature in thin film form. Anion exchange membranes (AEMs) with
different cationic groups have been revealed. Different water uptake and OH™ conductivity
were observed in AEMs with different cationic groups. Buggy and co-authors synthesized
trimethylammonium (TMA) and N-methylpiperidinium (Pip)-based anion exchange thin
films. Higher water content was obtained in Pip-based anion exchange thin film in halide
form.> However, there is no information about the OH™ form thin film with different
cationic groups. To systematically understand the properties of anion exchange thin films,
anion conductive polymers with different cationic groups were newly synthesized in this

chapter. In addition, an in situ temperature dependence of the OH~ conductivity
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measurement using in-house constructed equipment was established in this chapter. The
effect of counter-anion and functional groups on the properties of anion exchange thin
films were systematically investigated.

Anion conductive polymer is composed of backbone and cationic group. The design
of chemical stable backbone and suitable cationic group is crucial. Various fluorene-based
anion conductive polymers with superior alkaline stability have been reported.®!*
Conjugated polymers based on fluorene-thiophene exhibit good film-forming
characteristics and chemical stability. As a result, in this chapter, the poly(fluorene-
thiophene) was chosen as the backbone. High OH" conductivity and enhanced alkaline
stability were observed for side chain type anion conductive polymers.®!>2* TMA and
Pip has been investigated extensively in the anion conductive polymer due to the
relatively high anion conduction and easy functionalization.”> Hence, side chain type
poly(fluorene-thiophene)-based anion conductive polymers functionalized with TMA and
Pip were designed in this chapter.

The objective of this chapter is to explore the hydration properties, anion conductive
properties, and morphology of fluorene-thiophene-based anion exchange thin films with
the different cationic groups and counter-anion. The hydration and anion conductive
properties of anion exchange thin films were investigated by in situ quartz crystal
microbalance (QCM), in situ Fourier transform infrared spectroscopy (FTIR), and in situ

impedance spectroscopy measurements under different RH. RH-controlled grazing-

incidence small-angle X-ray scattering (GI-SAXS) was used to analyze the morphology
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of anion exchange thin films. TMA functionalized fluorene-thiophene-based anion
exchange thin film exhibited high OH™ conductivity. Water uptake results reveal that
counter-anion hydration is the dominant factor for the water uptake of fluorene-
thiophene-based anion exchange thin film other than cations. The relation between anion
conductivity and water uptake of fluorene-thiophene-based anion exchange thin films
suggests that the OH™ conduction is strongly dependent on the number of water molecules.
PFT6-TMA and PFT6-Pip thin films exhibited similar anion conduction activation energy
in Br and OH™ forms. The activation energy of OH™ conduction is higher than Br

conduction in the prepared thin films.
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3.2 Experimental Section
3.2.1 Materials

2,7-Dibromofluorene, bis(pinacolato)diboron, tetrabutylammonium bromide
(TBAB), 1,6-dibromohexane, [1,1-bis(diphenylphosphino)ferrocene] dichloro palladium
(1) (PdCL) (dppf), 5, 5’-dibromo-3, 3’-dihexyl-2, 2’-bithiophene and
tetrakis(triphenylphosphine) palladium (0) (Pd (PPhs3)s) were obtained from Tokyo
Chemical Industry Co. Ltd., Japan. NaOH, CH>Cl,, NaCl, NaHCO3, magnesium sulfate
anhydrous, dioxane, hexane, methanol, CHCI3, tetrahydrofuran (THF), toluene, K>COs3,
30% trimethylamine solution, N-methylpiperidine, and diethyl ether were used as
received from Fujifilm Wako Pure Chemical Corp., Japan.
3.2.2 Synthesis of monomer and polymers

Scheme 3-1 shows the synthetic route of 2,7-dibromo-9,9-bis(6'-
bromohexyl)fluorene (DBF6) and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

9,9-bis(6"-bromo hexyl)fluorene (TDBF6) by following the reported literature.?*2

Bis(pinacolato)diboron,

TBAB, NaOH (50 wt%) .
BrBr + B ~~~pr PERTS - @'O KOAc, PdCly(dppf) ;:(:;B Bg:é

Dioxane, 85 ©
DBF6 12h TDBF6

R = C¢H,,Br R = C¢H,,Br

Scheme 3-1. Synthetic route of DBF6 and TDBF6.
DBF6
65 mmol of 1,6-dibromohexane, 2 mmol of TBAB, 8 mmol of 2,7-dibromofluorene,
30 mL of sodium hydroxide solution (50 wt%) were added to the 100 mL three-neck flask.

The mixture was reacted at 60 °C for 8 h under the protection of argon. The organic layer
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was obtained after extracting the reaction mixture with dichloromethane. After washing
with water and brine, the organic layer was dried with MgSOs4. Subsequently, the surplus
1,6-dibromohexane was evaporated by vacuum distillation. Finally, the product was
produced with a 71% yield by column chromatography using hexane.
TDBF6

2.5 mmol of DBF, 6.0 mmol of bis(pinacolato)diboron, 15 mmol of potassium acetate,
and 25 mL of dioxane was added to the 100 mL round-bottom flask. The mixture was
degassed three times by using freeze—pump—thaw cycles. Next, 100 mg of PdClx(dppf)
was added to the reaction mixture. The reaction was conducted at 85 °C for 12 h under
the protection of argon. After reaction, the solvent was removed by rotary evaporator.
Then, the mixture was extracted with dichloromethane, washed with water and brine, and
dried by magnesium sulfate. Finally, the product was obtained by column
chromatography using hexane and ethyl acetate (20:1) with a 77% yield.
Poly[(9,9-bis(6-bromohexyl)fluorene)-alt-(3,3’-dihexyl-2,2’-bithiophene)] (PFT6)

According to the reported literature, PFT6 was synthesized by a Suzuki cross-

coupling reaction catalyzed by Pd (PPhs)s.%!? A mixture of 1.0 mmol of TDBF, 15 mL of
toluene and 4 mL of 2 M potassium carbonate aqueous solution were added into 50 mL
three-neck flask. After two time’s degas through freeze—evacuate—thaw cycles, 1.0 mmol
of 5, 5’-Dibromo-3, 3’-dihexyl-2, 2’-bithiophene was added to the mixture. After another
three time’s degas, 0.10 mmol of [Pd (PPh3)4] was added into the reaction mixture under

argon atmosphere. The mixture was stirred at 95 °C for 48 h under the protection of argon.
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The polymer was precipitated from the mixture of methanol and deionized water. The
crude polymer was purified by Soxhlet extraction using a mixture of methanol, hexane,
and acetone (1:1:1 v/v/v). After dried under reduced pressure, yellow solid was obtained
with a 66% yield.
Poly[(9,9-bis(6'-(N,N,N-trimethylammonium)hexyl)fluorene)-alt-(3,3'-dihexyl-2,2’-
bithiophene)] (PFT6-TMA-Br)

Following the quaternization of PFT6, PFT-TMA-Br was obtained. (Scheme 3-2) To
dissolve 200 mg of PFT6 in a vial, 2 mL of THF was employed. 1 mL of 30% TMA
solution was added once the polymer had completely dissolved. 2 mL of DI water was
added after the appearance of precipitate inside the vial. To achieve complete
quaternization, the mixture was stirred at room temperature for 2 days. The rotary
evaporator was used to remove the solvent after the process. 5 mL of MeOH was used to
dissolve the crude product and precipitated in diethyl ether. After centrifugation and
overnight drying under vacuum, pure PFT-TMA-Br was obtained. (Yield: 88%)
Poly[(9,9-bis(6'-(N-methylpiperidinium) hexyl)fluorene)-alt-(3,3’-dihexyl-2,2’-
bithiophene)] (PFT6-Pip-Br)

To dissolve 200 mg of PFT6 in a vial, 5 mL of THF was employed. 8 mL of N-
methylpiperidine was added to the solution. The mixture was stirred at 60 °C for 4 days
under the protection of Ar. Afterward, the solvent was evaporated. Diethyl ether was used
to precipitate the concentrate after it was dissolved in MeOH. The product was dried

under vacuum overnight to obtain PFT6-Pip-Br. (Yield 80%)
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Scheme 3-2. Synthetic route of PFT6-TMA-Br and PFT6-Pip-Br.

3.2.3 Characterization

"H NMR spectra of monomer and polymers were recorded on (400 MHz) Bruker
Avance III spectrometer (Bruker Analytik GmbH). CDCl3 or MeOD-d,; was used as a
solvent. ATR-FTIR spectra were obtained by a FTIR spectrometer (Nicolet 6700; Thermo
Fisher Scientific Inc.) with a wavenumber ranging of 400-4000 cm™'. The weight average
molecular weight (My), number average molecular weight (M), and polydispersity index
(PDI, Mw/M,) of PFT6 were estimated using gel permeation chromatography (GPC)
(GPC, LC-2000plus; Jasco Inc.) equipped with Shodex GPC KF-805L column. using
THF was used as mobile phase and polystyrene as standards. The polymer solution was

filtered before injection into the column. On a thermogravimetric analyzer, the thermal
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decomposition of PFT6-TMA-Br and PFT6-Pip-Br was measured in the temperature
range 40-600 °C with a heating rate of 10 °C min™! under N2 flow. The polymer was dried
overnight at 40 °C under vacuum before being measured.
3.2.4 Ion Exchange Process

To get OH™ form PFT6-TMA and PFT6-Pip thin films, PFT6-TMA-Br (or PFT6-
Pip-Br) was immersed in 1 M NaOH solution under the protection of argon at room
temperature for 2 days. The 1 M NaOH solution was changed three times within 2 days.
After that, PFT6-TMA and PFT6-Pip (in OH™ form) were washed by degassed ultra-pure
water until the pH was neutral. All the process for OH™ form anion conductive polymers
was performed under N> atmosphere. To get HCO3™ form PFT6-TMA and PFT6-Pip thin
films, PFT6-TMA-Br (or PFT6-Pip-Br) was immersed in 1 M NaHCO3 solution. The 1
M NaHCOs solution was changed three times within 2 days. After that, PFT6-TMA and
PFT6-Pip (in HCO3™ form) were washed by ultra-pure water until the pH was neutral. The
OH™ and HCOs3™ forms of PFT6-TMA-based anion conductive polymers were denoted as
PFT6-TMA-OH and PFT6-TMA-HCOs3. The OH™ and HCO3™ forms of PFT6-Pip-based
anion conductive polymers were denoted as PFT6-Pip-OH and PFT6-Pip-HCO3
3.2.5 Preparation of Anion Exchange Thin Films

The spin-coating (ACT-200; Active Co. Ltd.) of thin films were done on Si, SiO»,
and Au-coated quartz crystal microbalance (QCM) substrates (Seiko EG&G Co. Ltd.).
The substrates were cleaned using 2-propanol and vacuum plasma (Cute-MP; Femto

Science Inc., Korea) before spin-coating. For the preparation of PFT6-TMA-OH and
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PFT6-Pip-OH thin films, the dispersion preparation and spin-coating process were
performed under a N> atmosphere.
3.2.6 White Light Interferometric Microscopy

The white-light interferometric microscope (BWsingle bondS506; Nikon Corp.) was
used to measure the thickness of thin film. 480 nm-thick films were used for the in situ
FTIR, pMAIRS, water uptake and conductivity measurements. In addition, 505 nm-thick
film was used for the RH-controlled in situ grazing-incidence small-angle X-ray
scattering (GI-SAXS) measurements.

3.2.7 Scanning Electron Microscope and Energy Dispersive X-ray Spectroscopy
(SEM-EDX)

TM3030Plus miniscope (Hitachi) was used to perform scanning Electron
Microscope and Energy Dispersive X-ray Spectroscopy (SEM-EDX). 15 kV was used as
the accelerating voltage.

3.2.8 RH-controlled In Situ FTIR Spectroscopy

Si substrate with thin film was placed in a small home-made chamber. To obtain
transmission IR spectra, an FTIR spectrometer (Nicolet 6700; Thermo Fisher Scientific
Inc.) with deuterium triglycine sulfate (DTGS) detector was used. Precise dew point
generator (me-40DP-2PW; Micro equipment) was used to generate various RH

conditions. The number of smooth points is 13.499 cm™.
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3.2.9 RH-controlled In Situ Grazing-Incidence Small-Angle X-ray Scattering
Measurements (GI-SAXS)

RH controlled GI-SAXS was conducted on a X-ray diffractometer (FR-E; Rigaku
Corp.) with an R-AXIS IV two-dimensional detector. Cu-Ka X-ray source (wavelength
= 1.54 A). Humidity-controlled cell on the goniometer and vertical stage (ATS-C316-
EM/ALV-3005-HM; Chuo Precision Industrial Co. Ltd.) was used to hold the thin film.
Nitrogen gas and water vapor were used to control the RH. The humidified cell holds
Lumirror windows. The camera length was 300 mm, and the incidence angle was set in
the range of 0.20°-0.22°.

3.2.10 Water Uptake Measurement of Anion Exchange Thin Films

Under controlled 0-95% RH conditions, the water uptake of PFT6-TMA-Br, PFT6-
TMA-OH, PFT6-Pip-Br and PFT6-Pip-OH thin films was obtained using an in situ quartz
crystal microbalance (QCM) system. Figure 3-1 shows the schematic diagram of in situ
QCM system. QCM substrates were coupled to a frequency counter and a DC power
source in an oscillation circuit (53131 A; Agilent Technologies, Inc.). QCM substrates
with or without thin film were held in a small home-made chamber with a high-resolution
RH sensor to monitor the temperature and RH. Humidity controller (BEL Flow;
Mirrorable Corp.) was utilized to create 0-95% RH conditions through modulating the N>
and water vapor. The frequencies of substrates with or without thin film were measured
under 0% RH. The mass of dry thin film mass can be obtained by the following Sauerbrey

equation,
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Am = ZYPE L CCARY (1)

2XF?2

Where S is the surface area of the electrode; p is quartz density; u is the quartz shear
modulus respectively and F is the fundamental frequency of QCM substrate.

Water uptake A was calculated by the following equation:

EwW

Mpy,o0

1=(Go—1X @)

Where m is the mass of the film under each humidity, my represents the mass of film

at the dry condition, My,, is the molecular weight of water molecules, and EW is

equivalent weight of PFT6-TMA and PFT6-Pip.

AV
Humidity controller and N, protection / (0~95%RH) \

BELFLow - ® @  Thin film

]
CONDERSER
e e ./
®

"C llllllllllll> QCMCE“ """"’ ®
: u
VAPORIZER

o Universal Counter
N, w 8,994.239,11 Hz

Home-made Chamber

Figure 3-1. Schematic illustration of QCM system.
3.2.11 Impedance Spectroscopy at Various Relative Humidity (RH)
The conductivity of PFT6-TMA-Br, PFT6-TMA-OH, PFT6-TMA-HCOs, PFT6-

Pip-Br, PFT6-Pip-OH, and PFT6-Pip-HCOs thin films spin-coated on quartz substrates
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was measured by impedance spectroscopy using a frequency response analyzer (S11260;
Solartron Analytical) equipped with a high-frequency dielectric interface (SI1296;
Solartron Analytical). Figure 3-2 shows the schematic diagram of in situ OH™ conductivity
measurement system. Humidity-temperature chamber (SH-221; Espec Corp.) was used
to generate the 40-95% RH which was the condition for the conductivity measurement of
thin films in Br- and HCOj™ forms. For conductivity measurement of PFT6-TMA-OH and
PFT6-Pip-OH thin films, the thin film electrodes were placed in a sealed box with a high-
resolution RH sensor. The temperature was controlled by humidity-temperature chamber
(SH-221; Espec Corp.). Precise dew point generator (me-40DP-2PW; Micro equipment)
was used to generate the 40-95% RH under a N> atmosphere which was the condition for
the conductivity measurement of PFB-TMA-OH thin films. Anion conductivity (c) was

calculated as follows,

where d denotes the distance between the Au electrodes, R represents the resistance
value from impedance, 1, and t stand for the length of the contact electrodes and thickness
of the film, respectively.

The temperature dependence anion conductivity of PFT6-TMA and PFT6-Pip thin
films were measured from 20 °C to 50 °C under fixed RH=90%. The estimated activation
energy of anion conduction was estimated according to the Arrhenius equation.

oT = gpexp (_ITET“) 4)

where R denotes the gas constant, T represents the temperature, and oo represent pre-

93



exponential factor.
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Figure 3-2. Schematic illustration of OH™ conductivity measurement system.
3.2.12 p-Polarized Multiple Angle Incidence Resolution Spectrometry (pMAIRS)
The molecular orientation of PFT6-TMA-Br and PFT6-Pip-Br thin films was studied
by pMAIRS. Then pMAIRS measurements were conducted on a Fourier-transform
infrared (FTIR) spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped with
a mercury cadmium telluride (MCT) detector. Single-beam spectra were recorded at

angles of incidence ranging from 38° to 8° in 6° steps.
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3.3 Results and Discussions
3.3.1 Characterization of Monomers and Polymers

The chemical structure of DBF6 was confirmed by 'H NMR. (Figure 3-3a) The
proton signals that can be seen at 7.4-8.0 ppm are assigned to the aromatic protons of
DBF6. The protons of side chains appeared at 0.4-3.4 ppm. The chemical structure of
monomer was characterized by 'H NMR. Figure 3-3b shows the '"H NMR spectrum of
TDBF6. As shown in Figure 3-3b, the proton signals that appeared at 7.4-8.0 ppm are
assigned to the aromatic protons of DBF6. The protons of side chains appeared at 0.4-3.4
ppm. The peak that was arising at 1.4 ppm correspond to the proton signals of 4,4,5,5-
tetramethyl-1,3,2-dioxaborolane. The results of 'TH NMR spectra suggest that DBF6 and

TDBF6 were synthesized successfully.
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Figure 3-3. "TH NMR spectra of (a) DBF6 and (b) TDBF6.
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The chemical structure of PFT6 was analyzed through '"H NMR. Figure 3-4 shows
the 'H NMR spectra of PET6. The chemical shift of protons from the fluorene ring in the
main chain was observed at 7.40-7.80 ppm. The signal of the thiophene ring protons was
seen at 7.24 ppm. The peaks at around 0.40-3.40 ppm demonstrated the existence of alkyl

side chain. The results of "H NMR spectrum confirmed the chemical structure of PFT6.
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Figure 3-4. 'TH NMR spectrum of PFT6.

PFT6-TMA-Br was obtained by reacting PFT6 (Mw = 22 kg mol ! and PDI = 2.1)
with TMA. PFT6-Pip-Br was formed via Menshutkin reaction which can convert N-
methylpiperidine and trimethylamine into quaternary ammonium by reaction at the Br
position of alkyl side chains, of PFT6 with Pip. The successful quaternization of PFT6
was confirmed by 'H NMR. Figure 3-5 shows the '"H NMR spectra of PFT6-TMA-Br and
PFT6-Pip-Br. For PFT6-TMA-Br, a new peak ascribed to TMA appeared at 3.00 ppm,
confirming the successful quaternization reaction. For PFT6-Pip-Br, a new peak assigned

to the -CH3 of Pip appeared at 2.90 ppm, revealing the introduction of Pip. The ion
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exchange capacity (IEC) values of PET6-TMA-OH and PFT6-Pip-OH obtained from 'H

NMR were 2.34 and 2.11 meq q’!, respectively.

@ MeOH
m j k
a,b,c d ;\—J f g hi M
ML - w"“’\/ _
I, m,n
(b)
a,b,c d
A

0o
N_‘
o
o
B

e
N4
-
o_

&/ ppm
Figure 3-5. '"H NMR of PFT6-Pip-Br (a) and PFT6-TMA-Br (b).

The chemical structure of prepared anion conductive polymers was characterized by
FTIR spectroscopy. Figure 3-6 shows the ATR-FTIR spectra of PFT6-TMA-Br and PFT6-
Pip-Br. As shown in Figure 3-6, the symmetric and asymmetric vibrations of -CH> were
observed at 2854 and 2927 cm™!. The stretching vibration of -CH3 group occurred at 3016
cm’!. The band that appeared at 1463 cm! is associated with the stretching vibration of
aromatic rings. Additionally, the broad and strong band at 3400 cm™! was attributed as the
v(O-H) of water, corresponding to the high hydrophilicity of PFT6-TMA-Br and PFT6-

Pip-Br.

97



—— PFT6-TMA-Br (@

= PFT6-Pip-Br

-~
Pl

3800 3600 3400 3200 3000 2800 2600
Wavenumber (cm™)

Absorbance

—— PFT6-TMA-Br (b)
—— PFT6-Pip-Br

AN
BN AN

2000 1500 1000 500
Wavenumber (cm™)

Absorbance

Figure 3-6. ATR-FTIR of PFT6-Pip-Br and PFT6-TMA-Br. (a) Wavenumber range from
2600 to 3800 cm!, (b) wavenumber range from 500 to 2000 cm™'.

TGA was performed to investigate the thermal stability of prepared anion conductive
polymers under the N atmosphere. Figure 3-7 shows the TGA curves of PFT6-TMA-Br
and PFT6-Pip-Br. Three distinct weight loss steps were observed in Figure 3-7. The first
weight loss step was observed below 100 °C, which can be ascribed to the removal of
residual water. The second weight loss step was obtained between 200 and 300 °C which
can be attributed to the decomposition of quaternary ammonium of PFT6-TMA-Br and
PFT6-Pip-Br. The third weight loss step, the degradation of polymer backbone occurred
above 400 °C. The thermal stability results clearly implied that the degradation

temperature of prepared anion conductive polymers was above the normal operating
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temperature of AEMFCs.
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Figure 3-7. TGA curves of PFT6-Pip-Br and PFT6-TMA-Br.
Figure 3-8 exhibits the EDX spectra before and after ion exchange of (PFT6-TMA-
Br and PFT6-TMA-OH). The EDX spectra indicated that Br™ ions decreased sharply after

immersed in degassed 1 M NaOH solution for 48 h. Most of Br” ions have been exchanged

by OH ions.
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Figure 3-8. EDX spectra of PEFT6-TMA-Br and PFT6-TMA-OH.
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Figure 3-9 exhibits the EDX spectra before and after ion exchange of (PFT6-Pip-Br
and PFT6-Pip-OH). The EDX spectra indicated that Br ions decreased sharply after
immersed in degassed 1 M NaOH solution for 48 h. Most of Br” ions have been exchanged

by OH" ions.
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Figure 3-9. EDX spectra of (A) PFT6-Pip-Br and (B) PFT6-Pip-OH.
3.3.2 Water Uptake

Water uptake is an important parameter for the anion conduction of anion exchange
thin film. The water uptake of PFT6-TMA and PFT6-Pip thin films was measured by RH-
controlled in situ QCM. Figure 3-10 summarizes the number of water molecules per
functional group of prepared thin films under different RH. As shown in Figure 3-10, the
water uptake of PFT6-TMA-OH and PFT6-Pip-OH thin films is much higher than that of
PFT6-TMA-Br and PFT6-Pip-Br thin films, especially in the high RH region. Results
reveal that the water uptake of anion exchange thin films is strongly affected by counter-
anion. The intricate interaction between hydrophilic functional group, hydrophobic

polymer matrix, and water molecules determines the water uptake of ion conduction
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polymers.2® The water uptake of anion exchange thin film is mainly governed by the
hydration properties of cation-anion pair at low RH region. The higher hydration energy
and hydration number are contributed to the higher water uptake of OH™ form anion
exchange thin films.?’?° At high RH range, the water uptake of anion exchange thin films
in OH™ form increased sharply, suggesting more free water existence in the anion
exchange thin films. As mentioned in the RH-controlled in situ FTIR result, the
dissociation degree of anions increased along with RH. The dissociation properties of ion-
pairs will dominate the water uptake at the high RH region. According to Pearson’s HSAB
(hard and soft acid-base) theory, the large (soft) cation prefers binding to large (soft)
anion.® The large TMA (Pip) cations bind strongly with large Br~ ions. While the small
OH' ions are more easily dissociated from the cation under the high RH range, causing
enhanced osmotic pressure and as a result high water uptake.*!-*?

PFT6-TMA and PFT6-Pip thin films exhibited similar water content at high RH
region in the identical anion form. Under the high RH range, the cation-anion pairs
dissociated, cations will not affect the water uptake. The only difference between PFT6-
TMA and PFT6-Pip is the cationic group. Hence, similar osmotic pressure can be

expected for the identical anion form of PFT6-TMA and PFT6-Pip in the high RH range,

corresponding to a similar number of water molecules absorption.
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Figure 3-10. Water uptake of PFT6-TMA and PFT6-Pip thin films.

3.3.3 Hydration Properties of Thin Films

The hydration properties of ion conductive polymers can be obtained using IR.***
RH-controlled in situ FTIR measurements were performed to investigate the hydration
properties and proton dissociation of proton exchange thin films in our previous work.>
Here, the RH-controlled in situ FTIR measurement was conducted to evaluate the
hydration properties and anion dissociation of anion exchange thin films. Figure 3-11
shows the RH-dependent FTIR spectra for PFT6-TMA-Br and PFT6-Pip-Br thin films.
The absorbance of -O-H stretching vibration and H>O bending vibration increased along
with RH, indicating that the prepared anion exchange thin films were absorbing more
water.

Vico and co-authors investigated the hydration properties of polysulfone-based

AEM by ATR-FTIR at different water content. With increasing water content, the
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absorbance of the -C-H stretching vibration band in [-N(CH3)3"] reduced. Vandiver and
co-authors  collected the ATR-FTIR of  polyethylene-b-poly(vinylbenzyl
trimethylammonium) anion conductive polymer under various RH to get the polymer-
water interaction. Position shift was found for -C-H stretching vibration band.*® Based on
these results, the -C-H stretch vibration band in [-N(CH3)3"] was analyzed to understand
the hydration and dissociation of cation-anion pairs with the increase of RH.

The expanded region for -C-H stretching vibrations of PFT6-TMA-Br thin film is
shown in Figure 3-11b. The band at 3006 cm™ is assigned to the -C-H stretch vibration in
[-N(CH3)3"] at dry condition. With the increasing of RH, the absorbance of -C-H stretch
vibration in [-N(CH3)3"] decreased, while the position of -C-H stretch vibration band in
[-N(CH3)3"] shifted to high wavenumber. Higher wavenumber of -C-H stretch vibration
band means the stronger force constant of -C-H bond. The strong interaction caused the
presence of cation-anion pairs under 0% RH. Due to the bound state between cation and
Br, Br™ can share lone pair electrons with H of -C-H in [-N(CH3)3"], causing the less
positive charge of H.3**7 With the increase of RH, the water content of anion exchange
thin films enhanced and the dissociation of Br~ occurred. The more positive charge of H
resulting the increase of force constant and reduced absorbance of -C-H. This is the first
time that RH-controlled in situ FTIR with a transparent mode has been used to examine
ion-pairs dissociation in the anion exchange thin films. The expanded region for -C-H
stretching vibrations of PFT6-Pip-Br thin film is shown in Figure 3-11d. There is no clear

-C-H stretch vibration band due to the less -CH3 group of Pip.
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Figure 3-11. In situ FTIR spectra of (a, b) PFT6-TMA-Br and (c, d) PFT6-Pip-Br thin
films as a function of RH. (a) Wavenumber range between 1250 and 4000 cm™! of PFT6-
TMA-Br thin film, (b) Wavenumber range between 2600 and 3200 cm™ of PET6-TMA-

Br thin film, (c) Wavenumber range between 1250 and 4000 cm™' of PFT6-Pip-Br thin

film, (d) Wavenumber range between 1250 and 4000 cm™! of PFT6-Pip-Br thin film.
3.3.4 Morphology of Thin Films
The morphology of PFT6-TMA-Br and PFT6-Pip-Br thin films was studied using
RH-controlled GI-SAXS. Figure 3-12 displays the 1D GI-SAXS profiles of PFT6-TMA-
Br and PFT6-Pip-Br thin films at 0% RH and 95% RH. For PFT6-TMA-Br thin film, the

absence of a recognizable scattering peak suggests that it has an amorphous structure. For
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PFT6-Pip thin film, a very faint scattering peak q. = 3.84 nm™' (d = 1.6 nm) in the out-of-
plane direction was observed, regardless of RH. PFT6-Pip-Br thin film had very few

ordered structures. However, the majority of the PFT6-Pip-Br thin film remains

amorphous.
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Figure 3-12. 1D GI-SAXS profiles in the out-of-plane and in-plane directions at 0% and
95% RH of (a and b) PFT6-TMA-Br and (c and d) PFT6-Pip-Br thin films. Those
scattering peaks at qy=10.8 and 12.0 nm™! were originated from the Lumirror window of

the humidity-controlled cell.
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IR pMAIRS was carried out to confirm the amorphous of prepared anion exchange
thin films. The pMAIRS spectra of PFT6-TMA-Br and PFT6-Pip-Br thin films are shown
in Figure 3-13. The stretching vibration of the aromatic rings was observed at 1498 cm™!,
as seen in Figure 3-13. The aromatic ring stretching vibration absorbance in the IP
direction is the same as in the OP direction for the prepared anion exchange thin films,
implying an amorphous structure of the anion exchange thin films. Anion exchange thin
films with amorphous structure have been reported.'*** The literature reported amorphous
structure in a variety of hydrocarbon-based anion exchange thin films.* Anion exchange
thin films have a significantly weaker nanophase separation than proton exchange thin
films. The fact that quaternary ammonium groups are less hydrophilic than sulfonic acid
groups is one of the possible explanations for the poor nanophase separation observed in
anion exchange thin films. Furthermore, it may be caused by an insufficient electron

density contrast.
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Figure 3-13. pMAIRS spectra of (a) PFT6-TMA-Br and (b) PFT6-Pip-Br thin films.
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The surface morphology of PFT6-TMA-Br and PFT6-Pip-Br thin film was
investigated by SEM. Figure 3-14 shows the SEM images of PFT6-TMA-Br and PFT6-
Pip-Br thin films. As shown in Figure 3-14, the surface of PFT6-TMA-Br and PFT6-Pip-

Br thin films was homogeneous are smooth, no pores or cracks were visible.

Ce02-0002 2022/06/09 14:16 NM D4.4 x12k 5.0 um

Ce02-0004 2022/06/09 14:28 NM D4.6 x12k 5.0 pm
Figure 3-14. SEM images of prepared anion exchange thin films (a) PFT6-TMA-Br and

(b) PFT6-Pip-Br.
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3.3.5 Anion Conductivity

The anion conductivity of PFT6-TMA and PFT6-Pip thin films spin-coated on
quartz substrates was obtained by RH-controlled impedance spectroscopy. Figure 3-15
shows the RH dependence anion conductivity of PEFT6-TMA and PFT6-Pip thin films. As
shown in Figure 3-15, the anion conductivity of prepared anion exchange thin films
increased with the increasing of RH. With the increasing of RH, the dissociation degree
of anions increased, which indicates that mobile anion increased. Hence, the increased
anion conductivity origins from enhanced mobile anion and water content. The Br
conductivity of PEFT6-TMA and PFT6-Pip thin films are 4.3x10% S cm™ and 1.5x107 S
cm’!, respectively, at 25 °C under 95% RH. The OH" ion conductivity of PET6-TMA and

PFT6-Pip thin films are 1.8x102 S cm™ and 6.8x10 S cm™!, respectively, at 25 °C under

95% RH.
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Figure 3-15. RH dependence of anion conductivity of PFT6-TMA and PFT6-Pip thin

films at 25 °C.
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The OH is easily converted to carbonate and bicarbonate in the air, leading to the
reduction of OH™ conductivity. To avoid this situation, the OH™ conductivity measurement
process was conducted under N> atmosphere. To confirm the OH™ conductivity, the HCOs3"
conductivity of PFT6-TMA and PFT6-Pip thin films was measured under various RH. As
shown in Figure 3-16, much higher OH™ conductivity than HCO3™ conductivity under

various RH, suggesting the successful measurement of OH™ conductivity.
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Figure 3-16. RH dependence of anion conductivity of PFT6-TMA and PFT6-Pip thin
films at 25 °C.

To further get the relationship between anion conductivity and water content, the
anion conductivity as a function of number of water molecule is plotted as Figure 3-17.
The much lower water uptake of Br” form anion exchange thin films than their OH™ form
limited the comparison at high hydration level. As shown in Figure 3-16, similar curves

were observed for PFT6-TMA and PFT6-Pip thin films. Comparing the result of OH"
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conductivity and Br™ conductivity under low number of water molecules, it is obvious that
OH" conductivity is lower than Br~ conductivity, which is different with the RH
dependence anion conductivity. Higher halide conductivity than OH™ conductivity was
reported under low hydration conditions in another literature.’’ Due to the strong
interaction with water, Peng and co-authors demonstrated that the OH™ mobility in
Tokuyama A201 membrane is lower than Cl" under low number of water molecules.*®
Because the OH™ requires more water to dissociate than the Br’, the dissociation of OH"
from counter cation is greatly reduced under low hydration conditions. Effective ion
mobility and mobile anion concentration are used to determine the anion conductivity as
follow?’,
o =nue (5)

where n signifies the concentration of mobile anion carriers, p stands for the effective
mobility of anion carriers, and e is the elementary charge. Under low number of water
molecules, reduced mobile OH™ concentration and decreased mobility are the main reason
for the lower OH™ conductivity. Under high number of water molecules, the OH™ can
expect a high amount of dissociation form cation and a rise in mobile OH" concentration,
corresponding to the superior OH™ conductivity. In the case of same anion form, PFT6-
TMA thin film showed higher conductivity than PFT6-Pip thin films at similar number

of water molecules. The possible reasons will discuss in the next section.
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Figure 3-17. Anion conductivity of PFT6-TMA and PFT6-Pip thin films as a function of
number of water molecules at 25 °C. The line was used to guide the eyes.

To investigate the anion conduction activation energy, in situ temperature
dependence of OH™ conductivity measurement technique was constructed utilizing in-
house made equipment. Anion conductivity was measured under 90% RH at different
temperatures. The Br” and OH™ conductivity of the PFT6-TMA and PFT6-Pip thin films
as a function of temperature is shown in Figure 3-18. PFT6-TMA-OH, PFT6-TMA-Br,
PFT6-Pip-OH, and PFT6-Pip-Br thin films showed Arrhenius-type temperature
dependency of anion conductivity from 20 to 50 °C. The activation energies (E.) of PFT6-
TMA-OH, PFT6-TMA-Br, PFT6-Pip-OH and PFT6-Pip-Br thin films were calculated to
be 33.2 kJ mol™!, 44.6 kJ mol’!, 35.7 kJ mol! and 49.8 kJ mol’!, respectively. The
activation energy of OH™ conduction in both PFT6-TMA and PFT6-Pip thin films were

lower than that of Br~ conduction, indicating that the energy barrier required to be
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overcome for Br™ transport is higher than OH™ transport. The possible reason is that OH"

can be transported through Grotthuss and vehicle mechanism, while halide can only be

transported by vehicle mechanism.3#40-42
1.5
B PFT6-TMA-Br
® PFT6-TMA-OH
) Ir A PFT6-Pip-Br
- . V¥ PFT6-Pip-OH
T 05¢
= _
o
wnn 0r
~
C
T 0.5
(=] L
=
as—
30 31 32 33 34 35

1000 T-1/K-1

Figure 3-18. Arrhenius plots of the anion conductivity for the PFT6-TMA and PFT6-Pip
thin films under 90% RH.

The anion conduction activation energy of PFT6-TMA thin films was comparable to
PFT6-Pip thin films. As shown in Figure 3-17, the OH™ and Br” forms of PFT6-TMA thin
films exhibited much higher conductivity than each identical form of PFT6-Pip thin films
at similar A. The anion conductivity of anion exchange thin films depends on IEC, water
uptake, dissociation degree of ion-pairs, morphology, conduction mechanism,
hydrophobicity and size of cationic group. The IEC values of PFT6-TMA-OH and PFT6-
Pip-OH were 2.34 and 2.11 meq g!. As shown in the water uptake part, each identical

form of PFT6-TMA and PFT6-Pip thin films exhibited the similar dissociation degree

112



and water uptake results. Besides, both PFT6-TMA-Br and PFT6-Pip-Br thin films
showed amorphous structure. The comparable activation energy of anion conduction
between PFT6-TMA and PFT6-Pip thin films suggests a similar ion conduction
mechanism in the PFT6-TMA and PFT6-Pip thin films. The hydrophobicity and size of
the cationic group are more hydrophobic and bulkier in Pip, respectively. According to
the above analysis, we can propose that higher IEC, less hydrophobicity and smaller size
of TMA is attributed to the higher anion conductivity of PFT6-TMA thin films than each
identical form of PFT6-Pip thin films at similar A. The higher anion conductivity in TMA-
based anion conductive polymers than that of Pip-based anion conductive polymers can
be seen with other reported anion conductive polymers.**~4

The anion conductivity of PFB-TMA and PFT6-TMA thin film as a function of
number of water molecules was compared as shown in Figure 3-19. Under the same
number of water molecules, higher anion conductivity was found in PFB-TMA thin films
than that of PFT6-TMA thin films due to the much higher IEC of PFB-TMA thin films.
Similar Br™ conductivity and OH™ conductivity were observed in PFB-TMA-Br and PFB-
TMA-OH thin films under the low number of water molecules in chapter 2. As discussed
above, reduced mobile OH™ concentration and decreased mobility are the main reason for
the lower OH™ conductivity under the low number of water molecules in PFT6-TMA thin
films. Under the same number of water molecules, the mobile OH™ concentration is

governed by the OH™ dissociation degree and IEC. Under low hydration conditions, the

OH' dissociation degree is reduced, but the IEC of OH" form anion conductive polymer
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is higher than that of Br" form. The IEC of PFB-TMA-Br and PFB-TMA-OH are 2.93
and 3.58. The IEC difference between PFB-TMA-OH and PFB-TMA-Br is 0.65. The IEC
of PFT6-TMA-Br and PFT6-TMA-OH are 2.03 and 2.34. The IEC difference between
PFT6-TMA-OH and PFB-TMA-Br is 0.31. The much larger IEC difference between
PFB-TMA-OH and PFB-TMA-Br can attenuate the effect on OH™ conductivity due to the
low dissociation degree and low mobility of OH™ under the low number of water
molecules. Hence, similar Br” conductivity and OH™ conductivity was found in PFB-TMA

thin films under a low number of water molecules.
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Figure 3-19. Anion conductivity of PFB-TMA and PFT6-TMA thin films as a

function of number of water molecules.
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3.4. Conclusions

In this chapter, high-performance fluorene-thiophene-based anion conduction thin
films were newly synthesized. The hydration properties, anion conduction properties, and
molecular structure of poly(fluorene-thiophene)-based thin films with different cationic
groups were investigated. OH™ form PFT6-TMA and PFT6-Pip thin films exhibited higher
water uptake than their Br” form thin films at the same RH. Water uptake results imply
that the anions, rather than cations, dominate the hydration properties of anion exchange
thin film. Anion conduction properties of anion exchange thin films depend on the number
of water molecules. Superior OH™ conductivity was observed under high hydration
conditions with enhanced ion mobility and full dissociation. While Br™ conductivity was
higher than OH™ conductivity under the low number of water molecules. Despite the
presence of a very weak ordered structure in the PFT6-Pip-Br thin film, there is no strong
contribution to the anion conduction. Under 90% RH, PFT6-TMA and PFT6-Pip thin
films exhibit similar activation energy for anion conduction in each anionic form. Higher
IEC, less hydrophobicity and smaller size of TMA are contributed to the higher
conductivity of PFT6-TMA thin films. This result provides detailed information of anion
exchange thin films in OH™ form which can benefit the development of efficient anion

exchange thin film.
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Chapter 4
Anion Conductive and Hydration Properties of Fluorene-thiophene-

Based Anion Exchange Thin Films with Different Side Chains Lengths

Abstract
Poly[(9,9-bis(3'-(N,N,N-trimethylammonium)propyl)fluorene)-alt-(3,3’-dihexyl-

2,2'-bithiophene)] (PFT3-TMA) was newly synthesized in this chapter. Compared with
PFT6-TMA in Chapter 3, a shorter n-propyl alkyl spacer existed between backbone and
cationic group in PFT3-TMA. The hydration and anion conductive properties of PFT3-
TMA thin films were investigated. The OH™ conductivity of PET3-TMA-OH and PFT6-
TMA-OH thin films at 25 °C under 95% relative humidity (RH) were 2.0x10 and
1.8x102 S cm!, respectively. The ion exchange capacity (IEC) of PFT3-TMA-OH and
PFT6-TMA-OH were 2.57 and 2.34 meq g'. The higher IEC of PFT3-TMA-OH is
contributed to the slightly higher OH™ conductivity of PFT3-TMA-OH thin film. The
hydration number A (number of water molecules per functional group) of PFT3-TMA-
OH and PFT6-TMA-OH thin films at 25 °C under 95% RH were 11.2 and 11.4,
respectively. Results suggest that the water uptake of fluorene-thiophene-based thin films
was not dependent on side chain length. Under high hydration conditions, similar OH"
conductivity was observed for PFT3-TMA-OH and PFT6-TMA-OH thin films. While
higher OH™ conductivity was found in PFT3-TMA-OH thin film than PFT6-TMA-OH

thin film under low number of water molecules. The activation energies of OH"
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conduction in PFT3-TMA-OH and PFT6-TMA-OH thin films were 22.3 and 34.1 kJ mol
! suggesting that the energy barrier to be overcome for OH- transport in PFT3-TMA-OH

thin film is lower than that of PFT6-TMA-OH thin film.
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4.1 Introduction

As mentioned in chapter 2 and chapter 3, the properties of anion exchange thin films,
especially the OH" form thin film need to be extensively investigated. In the second
chapter, the anion conductivity of 273-nm-thick poly[(9,9-bis(6’-(N,N,N-
trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene)] (PFB-TMA) films  were
observed. Higher OH" conductivity than Br~ conductivity was observed at 25 °C under
95% RH. In the third chapter, the effect of the cationic group on the hydration and OH"
conductive properties of fluorene-thiophene-based thin film has been investigated
systematically. The water uptake and ion conduction activation energy (Ea) of anion
exchange thin films are strongly dependent on the anion rather than the cationic group.
Meanwhile, the cationic group and water content affected the OH conductive of fluorene-
thiophene-based thin films. However, there are still unclear points in understanding the
properties of anion exchange thin films in OH" form.

In addition to the cationic groups, how the side chain length of an anion conductive
polymer governs its properties, especially in the thin film form, is another unexplored
point. The effect of side chain length on the properties of anion exchange membrane has
been investigated widely.'® Lin and co-authors investigated how the length of the alkyl
spacer affected the OH" conductivity of quaternized poly(ether sulfone)-based anion
conductive polymers. With the increase of alkyl spacer length, the OH™ conductivity of
synthesized anion conductive polymers increased first and then decreased.® Koronka and

co-authors studied the effect of side chain length on the OH" conductivity of Pip
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functionalized fluorene-based copolymers. The OH~ conductivity of prepared anion
conductive polymer with n-propyl alkyl spacer was 5.7x102 S cm™ at 30 °C in water
which is higher than that of anion conductive polymers with longer alkyl spacers.®
Accordingly, the side chain length can affect the properties of anion conductive polymers.
However, the literature about the side chain length influence on the water uptake and
anion conduction of thin films is limited. Under high relative humidity (RH), similar
hydration number was found in Br™ form quaternized poly(p-phenylene oxide) thin films
with various side chain lengths. The water uptake and OH™ conductive properties of thin
films in OH™ form with different side chain length are still unexplored.” To this end, this
chapter will focus on the properties of anion exchange thin film with different side chain
lengths.

The design of anion conductive polymer is based on Chapter 3. The same fluorene-
thiophene-based-polymer was also chosen as the polymer backbone.®!*> Compared with
Chapter 3, a shorter n-propyl alkyl spacer between the backbone and cationic group was
designed in this chapter. The hydration properties of anion exchange thin films were
investigated by in situ quartz crystal microbalance (QCM) and in situ Fourier transform
infrared spectroscopy (FTIR) under different RH. The anion conductive properties of
anion exchange thin films were measured by in situ impedance spectroscopy
measurements under controlled RH. Grazing-incidence small-angle X-ray scattering (GI-
SAXS) was used to analyze the morphology of anion exchange thin films under different

hydration conditions.
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4.2 Experimental Section
4.2.1. Materials

1,3-Dibromopropane, 2,7-dibromofluorene, bis(pinacolato)diboron,
tetrabutylammonium bromide (TBAB), [1,1-bis(diphenylphosphino)ferrocene] dichloro
palladium (I1) (PdCl2) (dppf), 5, 5’-dibromo-3, 3’-dihexyl-2, 2’-bithiophene and
tetrakis(triphenylphosphine) palladium (0) (Pd (PPhs)s) were obtained from Tokyo
Chemical Industry Co. Ltd., Japan. NaOH, CH2Cl2, NaCl, NaHCOs, magnesium sulfate
anhydrous, dioxane, hexane, methanol, CHCIs, tetrahydrofuran (THF), toluene, K2COs,
30% trimethylamine solution, and diethyl ether were used as received from Fujifilm
Wako Pure Chemical Corp., Japan.
4.2.2 Synthesis of monomer and polymer

Scheme 4-1 shows the synthetic route of 2,7-dibromo-9,9-bis(3'-
bromopropyl)fluorene (DBF3) and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-

9,9-bis(3'-bromopropyl)fluorene (TDBF3) by following the reported literature. %!’

Bls(pmacolato)dlboron

R__R
TBAB, NaOH (50 wt%) KOAc, PACL(d
BBr + B A~LBr > BBr © Aol B((t)):é
60°C,8h Dioxane, 85 °C,
DBF3 12 h TDBF3
R = C;HBr R = C3;H4Br

Scheme 4-1. Synthetic route of DBF3 and TDBF3.
DBF3
The synthesis of compound A was set up by mixing 65 mmol of 1,3-dibromopropane,
2 mmol of tetrabutylammonium bromide (TBAB), 30 mL of 50 wt% NaOH solution, and

10 mmol of 2,7-dibromofluorene into a 100 mL three-necked flask. The mixture reacted
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at 60 °C for 8 h under the protection of argon. The organic layer was obtained after
extracting the reaction mixture with dichloromethane. A fter washing with water and brine,
the organic layer was dried with MgSO4. Subsequently, the surplus 1,3-dibromopropane
was evaporated by vacuum distillation. Finally, the product was produced with a 60%
yield by column chromatography using hexane.
TDBF3

A 100 mL three-neck flask was filled with 5 mmol of compound A, 12 mmol of
bis(pinacolato)diboron, 35 mmol of potassium acetate, and 50 mL of dioxane. The
mixture was degassed using a freeze—pump—thaw cycle, which was repeated three times.
Then, 0.1 mmol of PdCLx(dppf) was added to the reaction mixture. The reaction took place
at 85 °C for 12 h under the protection of argon. After the reaction, the solvent was removed
from the reaction mixture using a rotary evaporator. After that, the mixture was extracted
with dichloromethane, washed with water and brine, and dried with magnesium sulfate
to remove any remaining water. Finally, the product was obtained by column
chromatography using hexane and ethyl acetate (20:1) with a 77% yield.
Poly[(9,9-bis(3-bromopropyl)fluorene)-alt-(3,3’-dihexyl-2,2’-bithiophene)| (PFT3)

Scheme 4-2 shows the synthetic route of PFT3 and PFT3-TMA-Br. PFT3 was
synthesized by Pd-catalyzed Suzuki cross-coupling reaction.'® A mixture of 0.5 mmol of
compound B, 15 mL of toluene, and 4 mL of 2 M potassium carbonate aqueous solution
were added into a 50 mL three-neck flask. 0.5 mmol of 5, 5’-dibromo-3, 3’-dihexyl-2, 2’-

bithiophene was added to the degassed mixture through two freeze—pump-thaw cycles.
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After another three time degas, 0.05 mmol of Pd (PPh3)4 was added into the reaction
mixture under argon atmosphere. The reaction was performed at 95 °C for 48 h under the
protection of argon. After the reaction, the polymer was precipitated from the mixture of
methanol and deionized water. Soxhlet extraction using a mixture of methanol, hexane,
and acetone (1:1:1 v/v/v) was used to purify the crude polymer. After dried the polymer
under vacuum, the solid polymer was obtained with a 78% yield.
Poly[(9,9-bis(3’-(N,N,N-trimethylammonium)propyl)fluorene)-alt-(3,3'-dihexyl-
2,2'-bithiophene)] (PFT3-TMA-Br)

PFT3 solution was prepared by dissolving 200 mg of PFT3 in 5 mL THF. Next, 1
mL of 30% trimethylamine solution was added to the solution. After the precipitation
appeared, 2 mL of DI water was added into the reaction mixture. The quaternization
reaction was conducted at room temperature for 48 h with stirring. After the reaction, the
concentrate was dissolved in MeOH and precipitated in diethyl ether. After dried under

vacuum, PFT3-TMA-Br was obtained with an 86% yield.

" Pd(pphj)y, R R H | Ry R sHi3
R 6 S'3 2 M K,CO; . R\ 6 S]3 NG . R S.
o, W)
Compound B 4 \ I Br Tolwenc, O O s\, THF H,0, O S Y o
CoHyg 95°C,48 h CoH 48h oHif
PFT3 PFT3-TMA-Br
R = C3;HgBr R'= C3H¢NMe; Br-

Scheme 4-2. Synthetic route of PFT3 and PFT3-TMA-Br.
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4.2.3 Characterization

"H NMR spectra of monomer and polymers were recorded on (400 MHz) Bruker
Avance III spectrometer (Bruker Analytik GmbH). CDCl3 or MeOD-d4 was used as a
solvent. ATR-FTIR spectra were obtained by an FTIR spectrometer (Nicolet 6700;
Thermo Fisher Scientific Inc.) with a wavenumber ranging of 400-4000 cm™'. The weight
average molecular weight (My), number average molecular weight (M,), and
polydispersity index (PDI, Mw/M,) of PFT3 were estimated using gel permeation
chromatography (GPC) (GPC, LC-2000plus; Jasco Inc.) equipped with Shodex GPC KF-
805L column, using THF as mobile phase and polystyrene as standards. The polymer
solution was filtered before injection into the column. On a thermogravimetric analyzer,
the thermal decomposition of PFT3-TMA-Br was measured in the temperature range 40-
600 °C with a heating rate of 10 °C min™' under N, atmosphere. The polymer was dried
overnight at 40 °C under a vacuum before being measured. TM3030Plus miniscope
(Hitachi) was used to perform scanning Electron Microscope and Energy Dispersive X-
ray Spectroscopy (SEM-EDX). 15 kV was used as the accelerating voltage.
4.2.4 Ton Exchange Process

To get OH™ form PFT3-TMA, PFT3-TMA-Br was immersed in 1 M NaOH solution
under the protection of argon at room temperature for 2 days. Replaced with fresh 1 M
NaOH solution every 16 h. After that, degassed ultra-pure water was used to wash PFT3-
TMA (in OH™ form) until the pH was neutral. The ion exchange process was characterized

by SEM-EDX. To obtain HCO3™ form of PFT3-TMA, PFT3-TMA-Br was immersed in
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IM NaHCOs solution at room temperature for 2 days. Replaced with fresh 1 M NaHCOs
solution every 16 h. After that, ultra-pure water was used to wash PFT3-TMA (in HCO3"
form) until the pH was neutral. All the washing and transfer processes for OH™ form anion
conductive polymers were carried out under the protection of N»,. PFT3-TMA-based
anion conductive polymers in OH™ or HCO3™ forms were denoted as PFT3-TMA-OH and
PFT3-TMA-HCO:s.
4.2.5 Preparation of Anion Exchange Thin Films

PFT3-TMA-Br, PFT3-TMA-OH, and PFT3-TMA-HCOs were dissolved in
methanol to prepare the dispersion. The spin-coating (ACT-200; Active Co. Ltd.) of thin
films was done on SiO; substrates, Si substrate, and Au-coated quartz crystal
microbalance (QCM) substrates (Seiko EG&G Co. Ltd.). The substrates were cleaned
using 2-propanol and vacuum plasma (Cute-MP; Femto Science Inc., Korea) before spin-
coating. For the preparation of PFT3-TMA-OH thin films, the dispersion preparation and
spin-coating process were performed under the N> atmosphere.
4.2.6 White Light Interferometric Microscopy

The white light interferometric microscope (BWsingle bondS506; Nikon Corp.) was
used to measure the thickness of thin film. 480 nm-thick films were used for the in situ
FTIR, pMAIRS, water uptake and conductivity measurements. In addition, 510 nm-thick
film was used for the RH-controlled in situ grazing-incidence small-angle X-ray

scattering (GI-SAXS) measurements.

133



4.2.7 RH-controlled In Situ FTIR Spectroscopy

Si substrate with thin film was placed in a small home-made chamber. Transmission
IR spectra were recorded using an FTIR spectrometer (Nicolet 6700; Thermo Fisher
Scientific Inc.) with a deuterium triglycine sulfate (DTGS) detector. Precise dew point
generator (me-40DP-2PW; Micro equipment) was used to generate various RH
conditions. Smoothing process was applied to improve visibility.

4.2.8 RH-controlled In Situ Grazing-Incidence Small-Angle X-ray Scattering
Measurements (GI-SAXS)

RH-controlled GI-SAXS was conducted on an X-ray diffractometer (FR-E; Rigaku
Corp.) with an R-AXIS IV two-dimensional detector. Cu-Ka X-ray source (wavelength
=1.54 A, beam size approximately was 300 pm x 300 pm). Humidity-controlled cell on
the goniometer and vertical stage (ATS-C316-EM/ALV-3005-HM; Chuo Precision
Industrial Co. Ltd.) was used to hold the thin film. Nitrogen gas and water vapor were
used to control the RH. The humidified cell holds Lumirror windows. The camera length
was 300 mm, and the incidence angle was set in the range of 0.20°-0.22°.

4.2.9 Water Uptake Measurement of Anion Exchange Thin Films

Under controlled 0-95% RH conditions, the water uptake of PFT3-TMA-Br and
PFT3-TMA-OH thin films was obtained using an in situ quartz crystal microbalance
(QCM) system. Figure 4-1 shows the schematic diagram of in situ QCM system. QCM
substrates were coupled to a frequency counter and a DC power source in an oscillation

circuit (53131 A; Agilent Technologies, Inc.). QCM substrates with or without thin film
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were held in a small home-made chamber with a high-resolution RH sensor to monitor
the temperature and RH. Humidity controller (BEL Flow; Mirrorable Corp.) was utilized
to create 0-95% RH conditions through modulating the N, and water vapor. The
frequencies of substrates with or without thin film were measured under 0% RH. The
mass of dry thin film mass can be obtained by the following Sauerbrey equation,

_ SXJpew
Am = — =X (=AF) (1)

Where S is the surface area of the electrode; p is quartz density; u is the quartz shear
modulus respectively and F is the fundamental frequency of QCM substrate.

Water uptake A was calculated by the following equation:

EW
Mpy,o0

m
A= (m—0 —1) X (2)
Where m is the mass of the film under each humidity, my represents the mass of film

at the dry condition, My,, is the molecular weight of water molecules, and EW is

equivalent weight of PFT3-TMA.
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Figure 4-1. Schematic illustration of QCM system.
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4.2.10 Impedance Spectroscopy at Various Relative Humidity (RH)

The conductivity of PFT3-TMA-Br, PFT3-TMA-OH, and PFT3-TMA-HCO3 thin
films spin-coated on quartz substrates was measured by impedance spectroscopy using a
frequency response analyzer (SI1260; Solartron Analytical) equipped with a high-
frequency dielectric interface (SI11296; Solartron Analytical). Figure 4-2 shows the
schematic diagram of in situ OH™ conductivity measurement system. Humidity-
temperature chamber (SH-222; Espec Corp.) was used to generate the 40-95% RH, which
was the condition for the conductivity measurement of thin films in Br-and HCO3™ forms.
For conductivity measurement of PFT3-TMA-OH thin films, the thin film electrodes
were placed in a sealed box with a high-resolution RH sensor. The temperature was
controlled by humidity-temperature chamber (SH-222; Espec Corp.). Precise dew point
generator (me-40DP-2PW; Micro equipment) was used to generate the 40-95% RH under
the N> atmosphere which was the condition for the conductivity measurement of PFT3-

TMA-OH thin films. Anion conductivity (c) was calculated as follows,

where d denotes the distance between the Au electrodes, R represents the resistance
value from impedance, 1, and t stand for the length of the contact electrodes and thickness
of the film, respectively.

The temperature dependence anion conductivity of PFT3-TMA thin films was
measured from 20 °C to 50 °C under fixed RH=90%. The estimated activation energy

of anion conduction was estimated according to the Arrhenius equation.
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ol = aoexp( ) 4)
where R denotes the gas constant, T represents the temperature, and oo represent pre-

exponential factor.
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Figure 4-2. Schematic illustration of anion conductivity measurement system.
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4.2.11 p-Polarized Multiple Angle Incidence Resolution Spectrometry (pMAIRS)

pMAIRS was used to investigate the molecular orientation of PFT3-TMA-Br thin
film. Then the measurement was conducted on a Fourier-transform infrared (FTIR)
spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped with a mercury
cadmium telluride (MCT). Single-beam spectra were recorded at angles of incidence
ranging from 38° to 8° in 6° steps.
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4.3 Results and Discussion
4.3.1 Characterization of Monomers and Polymers

The chemical structure of DBF3 was confirmed by 'H NMR. Figure 4-3 shows the
"H NMR spectrum of DBF3. As shown in Figure 4-3, the proton signals that appeared at
7.40-7.80 ppm are assigned to the aromatic protons of the fluorene ring. The observed
proton signals at 1.00-3.40 ppm suggest the introduction of alkyl side chains. The proton
signal of terminal methylene groups appeared at 3.20 ppm. The result of 'H NMR

suggests that compound A was synthesized successfully.
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Figure 4-3. "H NMR spectrum of DBF3.
The chemical structure of TDBF3 was characterized by 'H NMR. Figure 4-4 shows
the 'H NMR spectrum of monomer. As shown in Figure 4-4, the proton signals that
appeared at 7.40-7.80 ppm are assigned to the aromatic protons of the fluorene ring. The

protons of side chain appeared at 1.00-3.40 ppm. The new peak that arises at 1.39 ppm
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corresponds to the proton signals of 4,4,5,5-tetramethyl-1,3,2-dioxaborolane. The result

of 'TH NMR suggests that compound B was synthesized successfully.

g
H,0
CDCl, Bl Br
0 » 0
[ DE
o 0
b a
a, b, c d
¢ (i
) Lo
8 7 6 3 4 3 2 1 0
3/ ppm

Figure 4-4. "TH NMR spectrum of TDBF3.
The chemical structure of PFT3 was confirmed by '"H NMR. Figure 4-5 shows the
"H NMR spectrum of PFT3. The proton signals of the fluorene ring were found at 7.40-
7.80 ppm. The proton signal, which was detected at 7.24 ppm, belongs to the thiophene
ring. The peaks at 0.40-3.40 ppm are assigned to alkyl side chains. 'H NMR result proves
that PFT3 was successfully synthesized. The weight-average molecular weight (M) and
PDI of PFT3 obtained from gel permeation chromatography (GPC) using THF eluent

were found to be 26 kg mol™! and 2.2.
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Figure 4-5. '"H NMR spectrum of PFT3.
PFT3-TMA-Br were obtained by quaternization of PFT3. The chemical structure of
PFT3-TMA-Br was characterized by '"H NMR. Figure 4-6 shows the 'H NMR spectrum

of PFT3-TMA-Br. Compared to PFT3, a new peak appeared at 2.90 ppm which was

ascribed to the protons of TMA.
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Figure 4-6. "TH NMR spectrum of PFT3-TMA-Br.
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Furthermore, the synthesized PFT3 and PFT3-TMA-Br were characterized by ATR-
FTIR. Figure 4-7 shows the ATR-FTIR spectra of PFT3 and PFT3-TMA-Br. As shown in
Figure 4-7, the stretching vibrations of -CH; of the side chains were found at 2925 c¢cm’!
and 2854 cm’!. The absorption band at around 1465 cm™ belongs to the stretching
vibration of thiophene and benzene rings. The absorption band at around 1600 cm!
belongs to the bending vibration of H2O. Moreover, the broadband that appeared at 3400
cm! in PFT3-TMA-Br belongs to the stretching vibrations of v(O-H) of water molecules.
After the introduction of the cationic group, PFT3-TMA-Br exhibited enhanced

hydrophilicity than PFT3.
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Figure 4-7. ATR-FTIR spectra of PFT3 and PFT3-TMA-Br.
TGA was performed to investigate the thermal stability of prepared anion conductive
polymers under the N> atmosphere. Figure 4-8 shows the TGA curve of PFT3-TMA-Br.

Three distinct weight loss steps were observed in Figure 4-8. The first weight loss step
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was observed below 100 °C, which can be ascribed to the removal of residual water. The
second weight loss step was obtained between 150 and 250 °C, which can be attributed
to the decomposition of TMA of PFT3-TMA-Br. The decomposition of cationic group in
PFT6-TMA-Br started from 200 °C. The long alkyl spacer of PFT6-TMA-Br hindered
movement of molecular segments which is the possible reason for increased thermal
stability of PFT6-TMA-Br.!° The third weight loss step, the degradation of polymer
backbone occurred above 350 °C. The thermal stability results clearly implied that the
degradation temperature of prepared anion conductive polymers was above the normal

operating temperature of AEMFC.
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Figure 4-8. TGA curve of PFT3-TMA-Br.
Figure 4-9 exhibits the EDX spectra before and after ion exchange of PFT3-TMA-
Br and PFT3-TMA-OH were shown in Figure 4-9. The EDX spectra indicated that Br

ions decreased sharply after immersed in degassed 1 M NaOH solution for 48 h. For
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both PFT3-TMA and PFT6-TMA, more than 91% Bt ions changed to OH™ ions.

PFT3-TMA-OH

15 il PFT3-TMA-Br

T T ' ' ' T ' T] f 1 ' ' '
10 keV 2 4 6 8 10 keV
Figure 4-9. SEM-EDX spectra of PFT3-TMA-Br and PFT3-TMA-OH.

4.3.2 Water Uptake

The OH" conductivity of anion exchange thin films is directly affected by the water
uptake. The water uptake observation of anion exchange thin films can provide deeper
understanding of the properties of anion exchange thin films. Figure 4-10 exhibits the
water uptake of PFT3-TMA-OH and PFT3-TMA-Br thin films. As can be seen from 4-
10, as the RH increases, the water uptake of PFT3-TMA-OH and PFT3-TMA-Br thin
films continuously increases. As discussed in Chapter 3, the water uptake of PFT3-TMA-
OH thin film is much higher than PFT3-TMA-Br thin film. The higher hydration number
and more negative hydration energy of OH™ suggest the higher water affinity than Br,
consequently the higher water uptake of PFT3-TMA-OH under low RH range.'*** Under
high RH, OH" from cation dissociates much higher than Br", causing much higher osmotic

pressure and water uptake of PFT3-TMA-OH thin film.?!"
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Figure 4-10. Water uptake of PFT3-TMA-OH and PFT3-TMA-Br thin films under

various RH at 25 °C.

The water uptake was compared between PFT3-TMA and PFT6-TMA thin films in
Figure 4-11 to understand the effect of side chain length on the water uptake of anion
exchange thin films. PFT3-TMA-Br thin film shows similar water uptake with PFT6-
TMA-Br thin film. PFT3-TMA-OH thin film exhibits similar water uptake with PFT6-
TMA-OH thin film. The results suggest that the water uptake remains unchanged by
decreasing the alkyl spacer length from n-hexyl to n-propyl. With the increase of side
chain length, free volume in the thin film increases, resulting in enhanced water uptake.
On the other hand, the increased side-chain length caused enhanced hydrophobicity,
decreasing the water uptake. Hence, the water uptake of thin films is governed by these
two factors.® Similar result was observed in the literature. Kushner and co-authors

demonstrated that quaternized poly(2,6-dimethyl-1,4-phenylene oxide) (QA-PPO) thin

144



films with different side chain length exhibit similar water hydration number A.”
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Figure 4-11. Water uptake of PFT3-TMA and PFT6-TMA thin films under various RH
at 25 °C.

4.3.3 Hydration Properties of Thin Film

IR can provide helpful information for the water adsorption and ion dissociation
properties of ion conductive polymers.>*2® In situ FTIR measurement was conducted to
explore the hydration characteristics and proton dissociation of acidic ionomers to
understand the detailed hydration properties in previous research.?’-?® In situ FTIR
measurement was carried out in this chapter to investigate the hydration and anion
dissociation of PFT3-TMA-Br thin film under various RH. Figure 4-12 shows the in situ
FTIR spectra of PFT3-TMA-Br thin film under various RH. The -O-H stretching
vibration modes and H,O bending vibration modes can be seen at around 3400 cm™ and

1640 cm. In conjunction with increasing RH, the intensity of -O-H stretching vibration
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modes and H>O bending vibration modes increased, revealing the increased water uptake
of PFT3-TMA-Br thin film.

Vico and co-authors used ATR-FTIR to examine the hydration properties of
polysulfone-based anion exchange membrane.?* The absorbance of the [-N(CHs)y"]
stretching vibration band decreased with water content. Vandiver and co-authors
measured the polymer-water interaction using ATR-FTIR under controlled RH. The -C-
H stretching vibration band shifted position with the increase of RH.2® Based on these
findings, the -C-H stretch vibration band in [-N(CH3y"] was investigated in order to
understand the hydration and dissociation of ion pairs as a function of RH. Figure 4-11b
depicts the extended region for -C-H stretching vibrations in PFT3-TMA-Br thin film.
The -C-H stretching vibrations in [-N(CH3)3 ] is attributed to the band at 3006 cm™ when
the thin film is in the dry state. With the increase of RH, the absorption of the C—H stretch
vibration in [-N(CH3y"] reduced, but its position shifted to a high wavenumber, as shown
in Figure 4-11b. For the -C-H stretching vibration band, a higher wavenumber equals a
stronger force constant. When the thin film is in dry state, strong interaction creates
cation-anion pairs. Br can share lone pair electrons with H of -C-H in [-N(CH3)3"] due
to the bound state between TMA and Br.? The water uptake of PFT3-TMA-Br thin film
increased as the RH increased, and the dissociation of Br™ happened as a result. When H
has a higher positive charge, the force constant of the -C-H increases, and the absorbance
of the -C-H decreases. Because of the more [-N(CH3)3"] groups in PFT3-TMA-Br, -C-H

stretching vibration band was more obvious in PFT3-TMA-Br thin film.
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Figure 4-12. In situ FTIR spectra of PFT3-TMA-Br thin film as a function of RH. (a)
Wavenumber range between 1250 and 4000 cm™!, (b) Wavenumber range between 2600
and 3200 cm™.
4.3.4 Morphology of Thin Films

GI-SAXS was used to investigate the morphology of PFT3-TMA-Br thin film under
controlled RH. Figure 4-13 displays the 1D GI-SAXS profiles of PFT3-TMA-Br thin film
under dry state and 95% RH. A very weak scattering peak q,=3.84 nm™ (d = 1.6 nm) in
the out-of-plane direction was seen for the PFT3-TMA-Br thin film at 0% RH. The PFT3-
TMA-Br thin film had a few organized structures. The majority region of the PFT3-TMA-

Br thin film, on the other hand, remains amorphous.
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Figure 4-13 1D GI-SAXS profiles of PFT3-TMA-Br thin film at 0% RH and 95% RH.
Those scattering peaks at qy=10.8 and 12.0 nm™! originated from the Lumirror window of
the humidity-controlled cell.

pMAIRS was carried out to confirm the amorphous of PFT3-TMA-Br thin film. The
pMAIRS spectra of PFT3-TMA-Br thin film are shown in Figure 4-14. The stretching
vibration of the aromatic rings was observed at 1471 cm’!, as seen in Figure 4-14. The
aromatic ring stretching vibration absorbance in the IP direction is the same as in the OP
direction for the prepared PFT3-TMA-Br thin film, implying an amorphous structure of

the PFT3-TMA-Br thin film.
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Figure 4-14. pMAIRS spectra of PFT3-TMA-Br thin film.
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It has been reported that anion exchange thin films with an amorphous structure and
weak nanophase separation exist.”*%*! Amorphous structure and weak nanophase
separation have been reported in a variety of hydrocarbon-based anion exchange thin
films, according to the literature. Analogous to proton exchange thin films, anion
exchange thin films have a significantly weak nanophase separation. The weak nanophase
separation of anion exchange thin film is due to the less hydrophilic of quaternary
ammonium. 3

The surface morphology of PFT3-TMA-Br thin film was investigated by scanning
SEM. Figure 4-15 shows the SEM images of PFT3-TMA-Br thin film. As shown in

Figure 4-15, the surface of PFT3-TMA-Br thin film was homogeneous are smooth, no

pores or cracks were visible.

Ce02-0006 2022/06/09 14:39 NM D6.6 x12k 5.0 um

Figure 4-15. SEM image of PFT3-TMA-Br thin film.
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4.3.5 Anion Conductivity

Anion conductivity is an important property of anion exchange thin films. Increased
OH" conductivity is, as a result, proportional to the increase in the performance of
AEMEFC. It is a critical factor in the overall efficiency of AEMFC. The anion conductivity
of PFT3-TMA-Br and PFT3-TMA-OH thin films spin-coated on quartz substrates was
obtained by in situ impedance spectroscopy under a controlled RH environment. Figure
4-16 depicts the anion conductivity of PFT3-TMA-Br and PFT3-TMA-OH thin films
under various RH. The anion conductivity of PFT3-TMA-Br and PFT3-TMA-OH thin
films increased along with RH. As discussed in water uptake and hydration properties of
anion exchange thin films, the water uptake and mobile anion increased with the increase
of RH. Therefore, the increased anion conductivity with RH results from an increase in
mobile anion as well as an increase in water uptake. The Br~ conductivity and OH"
conductivity of PFT3-TMA-Br and PFT3-TMA-OH thin films were 5.3x10° S cm™ and
2.0x102 S cm™ at 25 °C under 95% RH. The OH" conductivity of PFT6-TMA-OH thin
film was 1.8x102 S cm™ at 25 °C under 95% RH. The ion exchange capacity (IEC) of
PFT6-TMA-OH and PFT3TMA-OH were 2.34 and 2.57 meq g'. The higher IEC is

contributed to the slightly higher OH™ conductivity of PFT3-TMA-OH thin film.
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Figure 4-16. Anion conductivity of PFT3-TMA-Br and PFT3-TMA-OH thin films as a
function of RH at 25 °C.

The OH' is quickly changed to CO3> and HCO3" in the air, resulting in a decreased
OH" conductivity of anion exchange thin films. To avoid this issue, OH™ conductivity
measurements were performed under an N atmosphere. In addition, the HCO3"
conductivity of PFT3-TMA-HCOj thin film was measured to confirm the accuracy of
OH" conductivity measurement. Figure 4-17 shows the anion conductivity of PFT3-
TMA-OH and PFT3-TMA-HCO;3 thin films as a function of RH at 25 °C. As shown in
Figure 4-17, much higher OH™ conductivity than HCO3™ conductivity was observed within
the whole RH measurement region. The HCOj3™ conductivity of PFT3-TMA-HCOs3 thin
film was 4.0x1073 S cm™ at 25 °C under 95% RH, which is much lower than OH"
conductivity of PFT3-TMA-OH thin film. The above analysis suggests the successful

measurement of OH™ conductivity.
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Figure 4-17. Anion conductivity of PFT3-TMA-OH and PFT3-TMA-HCOs thin films
as a function of RH at 25 °C.

To further get the relationship between water uptake and anion conductivity. The
number of water molecules dependent anion conductivity of PFT3-TMA-OH and PFT3-
TMA-Br was plotted in Figure 4-18. The Br™ conductivity and the OH™ conductivity both
increased when the RH increased. As illustrated in Figure 4-18, Less water uptake of
PFT3-TMA-Br thin film limited the comparison with PFT3-TMA-OH thin film under
high hydration level. Interestingly, it is obvious that OH™ conductivity is lower than Br
conductivity under the low number of water molecules. It has been observed that the
halide conductivity is greater than the OH™ conductivity when the number of water
molecules is low. This is because the dissociation degree of the OH™ from cation is
severely reduced when the number of water molecules is low.?*> Peng and co-authors

demonstrated that the OH™ mobility of the Tokuyama A201 membrane is lower than the
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CI” mobility under a low number of water molecules conditions, which they attribute to
the strong interaction with water.>> According to these analyses, both reduced OH-
mobility and mobile OH™ are responsible for the significantly lower OH™ conductivity
observed under the condition of the low number of water molecules.

To understand the effect of side chain length on the anion conductivity of fluorene-
thiophene-based thin films, the anion conductivity comparison of PFT6-TMA and PFT3-
TMA thin films under the same number of water molecules was also plotted in Figure 4-
18. As shown in Figure 4-18, the anion conductivity in PFT3-TMA and PFT6-TMA thin
films was dependent on the number of water molecules. With the increase of the number
of water molecules, the anion conductivity increased. It is worth noting that slightly
higher OH™ conductivity was found in PFT3-TMA-OH thin film than PFT6-TMA-OH
thin film under low number of water molecules. Almost the same Br~ conductivity was
observed in PFT3-TMA-Br and PFT6-TMA-Br thin films. Results suggest that OH
conductivity was more sensitive to the increased IEC than Br™ conductivity under a low
number of water molecules. Similar OH™ conductivity was observed in PFT3-TMA-OH
and PFT6-TMA-OH thin films under the region of high number of water molecules.
Akiyama and co-authors compared the OH™ conductivity of quaternized aromatic
semiblock copolymer with different side chain lengths under high hydration conditions.
Their results revealed that the OH™ conductivity was not dependent on the side chain
length under fully hydration conditions.** This study provided new insight into the OH"

conduction properties of anion conductive polymers with different side chain lengths
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under low number of water molecules.
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Figure 4-18. Anion conductivity comparison of PFT3-TMA and PFT6-TMA thin films
as a function of number of water molecules at 25 °C. The line was used to guide the
eyes.

The activation energy of anion conduction in the thin film can provide useful
information to understand the anion conductive properties. Temperature dependence
anion conductivity was measured at 20-50 °C under 90% RH. The temperature
dependence anion conductivity of PFT3-TMA thin films is shown in Figure 4-19. The
calculated activation energies of PFT6-TMA-OH and PFT3-TMA-Br are 22.3 and 34.1
kJ mol™!. The activation energy of OH™ conduction in PFT3-TMA-OH thin film is lower
than that of Br" conduction in PFT3-TMA-Br thin film, revealing that lower energy barrier
for OH transport in PFT3-TMA-OH thin film. According to the literature, this may be

due to the fact that OH™ can be conducted through both Grotthuss and vehicle mechanism,
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but that halide can only be conducted through vehicle mechanism.?>-° In chapter 3, we
demonstrated that the calculated activation energies (Ea) of PFT6-TMA-OH and PFT6-
TMA-Br thin films were 33.2 kJ mol™! and 44.6 kJ mol™!, respectively. Lower energy

barrier for anion conduction was confirmed in PFT3-TMA thin films under high hydration

conditions.
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Figure 4-19. Arrhenius plots of the anion conductivity for the PFT3-TMA and PFT6-
TMA thin films under 90% RH.

Kushner and co-authors investigated the swelling-strain of quaternized poly(2,6-
dimethyl-1,4-phenylene oxide) (QA-PPO) thin films with different lengths of side chain.
QA-PPO thin film with a short side chain exhibited increased swelling-strain even under
a similar number of water molecules.” In this case, the film thickness of PFT3-TMA thin
films may be higher than that of PFT6-TMA thin films under high hydration conditions,

which can reduce the mobile ion concentration. The combined impact of reduced mobile
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ion concentration and low OH™ conduction activation energy of PFT3-TMA-OH thin film
is one of the possible reasons for the slightly higher OH™ conductivity of PFT3-TMA-OH
thin film than that of PFT6-TMA-OH thin film. Under the same number of water
molecules, in the case of similar mobile ion concentrations, the tortuosity (t) relating to
the connectivity of hydrophilic domains may be different between PFT3-TMA-OH and
PFT6-TMA-OH thin films.*!*? Therefore, the combine impact of tortuosity (t) and OH"
conduction E, is another possible reason for the slightly for the slightly higher OH"
conductivity of PFT3-TMA-OH thin film than that of PFT6-TMA-OH thin film.

Figure 4-20 shows the OH™ conductivity comparison of PFB-TMA-OH, PFB-TMA-
OH, PFT6-Pip-OH, and PFT3-TMA-OH thin films at 25 °C under 95% RH. As shown
in Figure 4-19, the OH™ conductivity increased along ion exchange capacity (IEC). PFB-
TMA-OH thin film shows superior OH conductivity due to its much higher ion exchange
capacity (IEC). TMA-based anion exchange thin film exhibited superior OH-
conductivity than that Pip-based anion exchange thin film because of high ion exchange

capacity (IEC), less hydrophobicity, and smaller size of TMA.
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Figure 4-20. OH™ conductivity comparison and chemical structure of PFB-TMA-
OH, PFB-TMA-OH, PFT6-Pip-OH, and PFT3-TMA-OH thin films at 25 °C under

95% RH.
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4.4 Conclusions

PFT3-TMA with a n-propyl alkyl spacer between the backbone and cationic group
was newly synthesized in this chapter. The hydration and anion conductive properties of
PFT3-TMA and PFT6-TMA thin films were compared. At 25 °C under 95% RH, PFT3-
TMA-OH thin film has an OH" conductivity of 2.0x102 S cm®, which is slightly higher
than that of PFT6-TMA-OH thin film due to its higher IEC. The hydration number A
(number of water molecules per functional group) of PFT3-TMA-OH and PFT6-TMA-
OH thin films at 25 °C under 95% RH were 11.2 and 11.4, respectively. Water uptake
results suggest that side chain length does not affect the water content of prepared
fluorene-thiophene-based anion exchange thin films. Under high hydration conditions,
similar OH" conductivity was observed for PFT3-TMA-OH and PFT6-TMA-OH thin
films. It is worth noting that slightly higher OH" conductivity was found in PFT3-TMA-
OH thin film than PFT6-TMA-OH thin film under low number of water molecules. Lower
OH" conduction activation energy was observed in PFT3-TMA-OH thin films than PFT6-

TMA-OH thin film under 90% RH.

158



References

1)

@)

3)

(4)

()

Zhang, J.; Yu, W.; Liang, X.; Zhang, K.; Wang, H.; Ge, X.; Wei, C.; Song, W.; Ge,
Z.; Wu, L.; Xu, T. Flexible Bis-Piperidinium Side Chains Construct Highly
Conductive and Robust Anion-Exchange Membranes. ACS Appl. Energy Mater.
2021, 4 (9), 9701-9711. https://doi.org/10.1021/acsaem.1c01783.

Wang, C.; Zhou, Y.; Xu, C.; Zhao, X.; Li, J.; Ren, Q. Synthesis and Properties of
New Side-Chain-Type Poly(Arylene Ether Sulfone)s Containing Tri-Imidazole
Cations as Anion-Exchange Membranes. Int. J. Hydrogen Energy 2018, 43 (45),
20739-20749. https://doi.org/10.1016/j.ijhydene.2018.08.182.

Lin, C. X.; Huang, X. L.; Guo, D.; Zhang, Q. G.; Zhu, A. M.; Ye, M. L,; Liu, Q.
L. Side-Chain-Type Anion Exchange Membranes Bearing Pendant Quaternary
Ammonium Groups: Via Flexible Spacers for Fuel Cells. J. Mater. Chem. A 2016,
4 (36), 13938-13948. https://doi.org/10.1039/c6ta05090e.

Wang, C.; Shen, B.; Xu, C.; Zhao, X.; Li, J. Side-Chain-Type Poly(Arylene Ether
Sulfone)s Containing Multiple Quaternary Ammonium Groups as Anion
Exchange  Membranes. J.  Memb. Sci. 2015, 492, 281-288.
https://doi.org/10.1016/j.memsci.2015.05.060.

Dang, H. S.; Jannasch, P. Exploring Different Cationic Alkyl Side Chain Designs
for Enhanced Alkaline Stability and Hydroxide lon Conductivity of Anion-
Exchange Membranes. Macromolecules 2015, 48 (16), 5742-5751.

https://doi.org/10.1021/acs.macromol.5b01302.

159



(6)

()

(8)

©9)

(10)

(11)

Koronka, D.; Otsuji, K.; Matsumoto, A.; Miyatake, K.; Miyatake, K. Partially
Fluorinated Copolymers Containing Pendant Piperidinium Head Groups as Anion
Exchange Membranes for Alkaline Fuel Cells. RSC Adv. 2019, 9 (64), 37391-
37402. https://doi.org/10.1039/c9ra07775h.

Kushner, D. I.; Zhu, L.; Kusoglu, A.; Hickner, M. A. Side Chain Influence on the
Mechanical Properties and Water Uptake of Confined Comb-Shaped Cationic
Polymer Thin Films. Macromol. Chem. Phys. 2016, 217 (21), 2442-2451.
https://doi.org/10.1002/macp.201600254.

Lai, A. N.; Wang, Z.; Yin, Q.; Zhu, R. Y.; Hu, P. C.; Zheng, J. W.; Zhou, S. F.
Comb-Shaped Fluorene-Based Poly(Arylene Ether Sulfone Nitrile) as Anion
Exchange Membrane. Int. J. Hydrogen Energy 2020, 45 (19), 11148-11157.
https://doi.org/10.1016/j.ijhydene.2020.02.057.

Pan, D.; Olsson, J. S.; Jannasch, P. Poly(Fluorene Alkylene) Anion Exchange
Membranes with Pendant Spirocyclic and Bis-Spirocyclic Quaternary Ammonium
Cations. ACS Appl. Energy Mater. 2022, 5 (1), 981-991.
https://doi.org/10.1021/acsaem.1c03359.

Lee, W. H.; Mohanty, A. D.; Bae, C. Fluorene-Based Hydroxide lon Conducting
Polymers for Chemically Stable Anion Exchange Membrane Fuel Cells. ACS
Macro Lett. 2015, 4 (4), 453-457. https://doi.org/10.1021/acsmacrolett.5b00145.
Soni, R.; Miyanishi, S.; Kuroki, H.; Yamaguchi, T. Pure Water Solid Alkaline

Water Electrolyzer Using Fully Aromatic and High-Molecular-Weight

160



(12)

(13)

(14)

(15)

(16)

Poly(Fluorene-  Alt-Tetrafluorophenylene)-Trimethyl ~ Ammonium  Anion
Exchange Membranes and lonomers. ACS Appl. Energy Mater. 2021, 4, 1053—
1058. https://doi.org/10.1021/acsaem.0c01938.

Salma, U.; Nagao, Y. Alkaline Stability of Ether Bond Free Fluorene-Based Anion
Exchange Polymer Containing Cycloaliphatic Quaternary Ammonium Groups.
Polym. Degrad. Stab. 2020, 179, 109299.
https://doi.org/10.1016/j.polymdegradstab.2020.109299.

Zhu, L.; Pan, J.; Christensen, C. M.; Lin, B.; Hickner, M. A. Functionalization of
Poly(2,6-Dimethyl-1,4-Phenylene Oxide)s with Hindered Fluorene Side Chains
for Anion Exchange Membranes. Macromolecules 2016, 49 (9), 3300-3309.
https://doi.org/10.1021/acs.macromol.6b00578.

Yuan, C.; Wang, Y. Synthesis and Characterization of a Novel Sulfonated Poly
(Aryl Ether Ketone Sulfone) Containing Rigid Fluorene Group for DMFCs
Applications.  Colloid  Polym.  Sci. 2021, 299 (1), 93-104.
https://doi.org/10.1007/s00396-020-04774-6.

Pan, D.; Olsson, J. S.; Jannasch, P. Poly(Fluorene Alkylene) Anion Exchange
Membranes with Pendant Spirocyclic and Bis-Spirocyclic Quaternary Ammonium
Cations. ACS Appl. Energy Mater. 2022, 5, 981-991.
https://doi.org/10.1021/acsaem.1c03359.

Lin, B.; Qiu, L.; Qiu, B.; Peng, Y.; Yan, F. A Soluble and Conductive Polyfluorene

lonomer with Pendant Imidazolium Groups for Alkaline Fuel Cell Applications.

161



(17)

(18)

(19)

(20)

(21)

(22)

(23)

Macromolecules 2011, 44 (24), 9642—-9649. https://doi.org/10.1021/ma202159d.
Liu, B.; Bazan, G. C. Synthesis of Cationic Conjugated Polymers for Use in Label-
Free DNA Microarrays. Nat. Protoc. 2006, 1 (4), 1698-1702.
https://doi.org/10.1038/nprot.2006.272.

Liu, B.; Yu, W. L.; Lai, Y. H.; Huang, W. Synthesis, Characterization, and
Structure-Property Relationship of Novel Fluorene-Thiophene-Based Conjugated
Copolymers. Macromolecules 2000, 33 (24), 8945-8952.
https://doi.org/10.1021/ma000866p.

Glueckauf, E. The Influence of lonic Hydration on Activity Coefficients in
Concentrated Electrolyte Solutions. Trans. Faraday Soc. 1955, 51 (0), 1235-1244.
https://doi.org/10.1039/TF9555101235.

Israelachvili, J. N. Interactions Involving Polar Molecules. Intermol. Surf. Forces
2011, 71-90. https://doi.org/10.1016/b978-0-12-375182-9.10004-1.

Ralph G. Pearson. Hard and Soft Acids and Bases. J. Am. Chem. Soc. 1963, 265
(C), 3533-3539.

Luo, X.; Rojas-Carbonell, S.; Yan, Y.; Kusoglu, A. Structure-Transport
Relationships of Poly(Aryl Piperidinium) Anion-Exchange Membranes: Eeffect of
Anions and Hydration. J. Memb. Sci. 2020, 598, 117680.
https://doi.org/10.1016/j.memsci.2019.117680.

Marino, M. G.; Melchior, J. P.; Wohlfarth, A.; Kreuer, K. D. Hydroxide, Halide

and Water Transport in a Model Anion Exchange Membrane. J. Memb. Sci. 2014,

162



(24)

(25)

(26)

(27)

(28)

464, 61-71. https://doi.org/10.1016/j.memsci.2014.04.003.

Vico, S.; Palys, B.; Buess-Herman, C. Hydration of a Polysulfone Anion-Exchange
Membrane Studied by Vibrational Spectroscopy. Langmuir 2003, 19 (8), 3282—
3287. https://doi.org/10.1021/1a026290+.

Pandey, T. P.; Maes, A. M.; Sarode, H. N.; Peters, B. D.; Lavina, S.; Vezzu, K.;
Yang, Y.; Poynton, S. D.; Varcoe, J. R.; Seifert, S.; Liberatore, M. W.; Di Noto,
V.; Herring, A. M. Interplay between Water Uptake, lon Interactions, and
Conductivity in an e-Beam Grafted Poly(Ethylene-Co-Tetrafluoroethylene) Anion
Exchange Membrane. Phys. Chem. Chem. Phys. 2015, 17 (6), 4367-4378.
https://doi.org/10.1039/c4cp05755d.

Vandiver, M. A.; Caire, B. R.; Pandey, T. P.; Li, Y.; Seifert, S.; Kusoglu, A.;
Knauss, D. M.; Herring, A. M.; Liberatore, M. W. Effect of Hydration on the
Mechanical Properties and lon Conduction in a Polyethylene-b-Poly(Vinylbenzyl
Trimethylammonium) Anion Exchange Membrane. J. Memb. Sci. 2016, 497, 67—
76. https://doi.org/10.1016/j.memsci.2015.09.034.

Nagao, Y.; Tanaka, T.; Ono, Y.; Suetsugu, K.; Hara, M.; Wang, G.; Nagano, S.;
Abe, T. Introducing Planar Hydrophobic Groups into an Alkyl-Sulfonated Rigid
Polyimide and How This Affects Morphology and Proton Conductivity.
Electrochim. Acta 2019, 300, 333-340.
https://doi.org/10.1016/j.electacta.2019.01.118.

Ono, Y.; Goto, R.; Hara, M.; Nagano, S.; Abe, T.; Nagao, Y. High Proton

163



(29)

(30)

(31)

(32)

(33)

Conduction of Organized Sulfonated Polyimide Thin Films with Planar and Bent
Backbones. Macromolecules 2018, 51 9), 3351-3359.
https://doi.org/10.1021/acs.macromol.8b00301.

Gussoni, M.; Castiglioni, C. Infrared Intensities. Use of the CH-Stretching Band
Intensity as a Tool for Evaluating the Acidity of Hydrogen Atoms in Hydrocarbons.
J. Mol. Struct. 2000, 521 (1-3), 1-18. https://doi.org/10.1016/S0022-
2860(99)00421-4.

Luo, X.; Kushner, D. I.; Li, J.; Park, E. J.; Kim, Y. S.; Kusoglu, A. Anion Exchange
lonomers: Impact of Chemistry on Thin-Film Properties. Adv. Funct. Mater. 2021,
31 (20), 1-12. https://doi.org/10.1002/adfm.202008778.

Shrivastava, U. N.; Zhegur-Khais, A.; Bass, M.; Willdorf-Cohen, S.; Freger, V.;
Dekel, D. R.; Karan, K. Water Content and lonic Conductivity of Thin Films of
Different Anionic Forms of Anion Conducting lonomers. J. Phys. Chem. C 2020,
124 (43), 23469-23478. https://doi.org/10.1021/acs.jpcc.0c04278.

Knauth, P.; Pasquini, L.; Narducci, R.; Sgreccia, E.; Becerra-Arciniegas, R. A.; Di
Vona, M. L. Effective lon Mobility in Anion Exchange lonomers: Relations with
Hydration, Porosity, Tortuosity, and Percolation. J. Memb. Sci. 2021, 617, 118622.
https://doi.org/10.1016/j.memsci.2020.118622.

Peng, J.; Roy, A. L.; Greenbaum, S. G.; Zawodzinski, T. A. Effect of CO2
Absorption on lon and Water Mobility in an Anion Exchange Membrane. J. Power

Sources 2018, 380, 64-75. https://doi.org/10.1016/j.jpowsour.2018.01.071.

164



(34) Akiyama, R.; Yokota, N.; Otsuji, K.; Miyatake, K. Structurally Well-Defined

(35)

Anion Conductive Aromatic Copolymers: Effect of the Side-Chain Length.
Macromolecules 2018, 51 (9), 3394-3404.
https://doi.org/10.1021/acs.macromol.8b00284.

Miyanishi, S.; Yamaguchi, T. Highly Conductive Mechanically Robust High Mw
Polyfluorene Anion Exchange Membrane for Alkaline Fuel Cell and Water
Electrolysis  Application. Polym. Chem. 2020, 11 (23), 3812-3820.

https://doi.org/10.1039/D0OPY00334D.

165



Chapter 5

General Conclusions

5.1 Conclusions

Anion exchange thin film is a critical part in triple-phase interface of anion exchange
membrane fuel cell (AEMFC). The limited available literature focused on the anion
exchange thin film in halide and HCO3™ forms due to the requirement of a CO»-free
atmosphere during the measurement process of OH™ form thin films. In this case, there is
still a large gap to systematically understand the OH" form thin films.

The three chapters focused on the systematically understanding of hydration and
OH’ conductive properties of thin films. The effect of film thickness, cationic groups, and
side chain length on the water uptake and OH™ conductivity of anion exchange thin films
were systematically revealed in three chapters.

In Chapter 2, the in situ OH™ conductivity and water uptake measurements under the
N> atmosphere were established. The water uptake and OH™ conductivity of reported
poly[(9,9-bis(6'-(N,N,N-trimethylammonium)-hexyl)fluorene)-alt-(1,4-benzene)| (PFB-
TMA) thin films were investigated. At 25 °C under 95% relative humidity (RH), the OH"
conductivity of PFB-TMA-OH (273-nm-thick) thin film is 5.3 x 102 S cm’!, which is
similar to that of the membrane in the literature. In addition, the film thickness
dependence of water uptake and OH" conductivity of PFB-TMA-OH was also

investigated. The decreased water uptake of a thinner film is contributed to the reduced
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OH" conductivity. Under the same number of water molecules, only slightly decreased
OH' conductivity was found in the thinner film.

In chapter 3, fluorene-thiophene-based anion exchange thin films were newly
prepared. In situ temperature dependence of OH™ conductivity measurement process was
established by home-made equipment. The effect of cationic group and counter-anion on
the hydration and anion conductive properties of fluorene-thiophene-based anion
exchange thin films were systematically investigated. The activation energy of anion
conduction in thin films is determined by the counter-anion rather than the cation. TMA-
based anion exchange thin film exhibited superior OH™ conductivity than that Pip-based
anion exchange thin film, 1.8x102 S cm™ at 25 °C under 95% relative humidity (RH),
because of high ion exchange capacity (IEC), less hydrophobicity and smaller size of
TMA. The number of water molecules strongly affects the anion conductive properties of
thin films.

In chapter 4, fluorene-thiophene-based anion conductive polymer with a shorter n-
propyl alkyl spacer was synthesized. The water uptake and anion conductive properties
of fluorene-thiophene-based anion exchange thin films with different side chain lengths
were compared. Similar water uptake results were observed in fluorene-thiophene-based
anion exchange thin films with different side chain lengths in the identical anion form.
Under high hydration conditions, similar OH™ conductivity was observed in fluorene-
thiophene-based thin films with different side chain lengths. While higher OH"

conductivity was found in fluorene-thiophene-based thin films with shorter n-propyl alkyl
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spacer under the low number of water molecules. This study provided new insight into
the OH™ conduction properties of anion conductive polymers with different side chain

lengths under the low number of water molecules.
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5.2 Future Scope
This thesis has revealed the effect of the cation, side chain length, and film thickness
on the hydration properties and OH™ conductive properties of anion exchange thin films.
According to the current studies, the future prospects of this research are shown as follows:
1. Inthe AEMFC, two H20 molecules were used at cathode, while four H,O molecules
were produced at the anode. In this case, it is important to keep the water balance
between ionomer hydration and catalyst layer flooding or dry out. To improve the
electrochemical performance of AEMFC, many operation conditions have been
adjusted, such as low RH condition and enhanced gas flow rate. However, the alkaline
stability of ionomer under low RH conditions is unknown. The available alkaline
stability properties of anion conductive polymers are focused on the fully hydration
conditions. Hence, the establishment of in situ OH™ conductivity measurement process
is useful for the development of AEMFC. The operation of AEMFC under low RH
conditions provides the advantages of lower cost and high performance. However, the
alkaline stability of ionomer under low RH differs from that under high RH conditions.
The in situ OH conductivity measurement method which was established in this study
can be used to investigate the alkaline stability of thin film under different RH.
2. How the polymer backbone of an anion conduction polymer governs its properties,
especially in the thin-film form, is another important question. The effect of
backbones on the properties of anion exchange membrane has been investigated

widely. In the previous work, Maurya and co-authors demonstrated that the AEMFC
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performance increased when the backbone of the anion exchange ionomer contained
less phenyl groups.! Chen and co-authors synthesized a series of 1,2-diphenylethane
(DP)-containing poly(aryl piperidinium)s (PAP) anion conduction polymers for
AEMFC applications.> Results suggested that poly(diphenylethane-co-terphenyl
piperidinium) with low phenyl content exhibited high water uptake and excellent peak
power density when used as ionomer in the cathode of fuel cell. The effect of
backbones on the properties of anion exchange thin films remains unexplored. The
effect of backbone architecture on the properties of anion exchange thin films such as
anion conductivity, water uptake, anion conduction activation energy, and
morphology will be investigated to get insight into the polymer design for anion
exchange thin film. In addition to cationic groups and side chains, how the polymer
backbone of an anion conduction polymer governs its properties, especially in the thin
film form, is another important question. Hence, anion conductive polymers with

different polymer backbones can be synthesized and investigated as thin films.

References:

1)

(2)

Matanovic, I.; Maurya, S.; Park, E. J.; Jeon, J. Y.; Bae, C.; Kim, Y. S. Adsorption
of Polyaromatic Backbone Impacts the Performance of Anion Exchange
Membrane Fuel Cells. Chem. Mater. 2019, 31 (11), 4195-4204.
https://doi.org/10.1021/acs.chemmater.9b01092.

Chen, N.; Hu, C.; Wang, H. H.; Kim, S. P.; Kim, H. M.; Lee, W. H.; Bae, J. Y;

170



Park, J. H.; Lee, Y. M. Poly(Alkyl-Terphenyl Piperidinium) lonomers and
Membranes with an Outstanding Alkaline-Membrane Fuel-Cell Performance of
258 W Cm™2 Angew. Chemie - Int. Ed. 2021, 60 (14), 7710-7718.

https://doi.org/10.1002/anie.202013395.

171



Acknowledgments

I would like to express my heartfelt gratitude to my supervisor, Professor Yuki Nagao,
for providing academic guidance and kind support during my doctoral study period.

I want to appreciate the help of Professor Matsumi, who provide support and
academic suggestions for my minor research project. I also appreciate the help of Ms.
Sumala with the minor research experiment. With the help of Ms. Sumala, I mastered the
experiment details of the Lithium-ion battery.

I would like to show my gratitude to Professor Kaneko, who provides kind guidance
as my second supervisor. [ would like to thank Professor Nagano, who provided academic
guidance for my research project. I also want to thank Dr. Hara for supporting GI-SAXS
measurement.

I would like to thank all the members of Nagao laboratory for their kind support
during my doctoral study period.

Finally, I am deeply grateful to my family and friends for their support and

encouragement.

Fangfang WANG
School of Materials Science

Japan Advanced Institute of Science and Technology

172



Achievements

Research Publications:

Fangfang Wang, Shusaku Nagano, Mitsuo Hara, and Yuki Nagao*, Hydration and
OH7/Br Conduction Properties of Fluorene-Thiophene-Based Anion Exchange Thin
Films Tethered with Different Cations, ACS Applied Polymer Materials 4 (2022)
5965-5974.

Fangfang Wang, Dongjin Wang, and Yuki Nagao*, OH™ Conductive Properties and
Water Uptake of Anion Exchange Thin Films, ChemSusChem, 14 (2021) 2694-2697.

(Selected as cover art)

Conferences:

1.

Fangfang Wang, Dongjin Wang, and Yuki Nagao “Relations of OH™ Conductivity
and Water Uptake of Anion Exchange Membrane in Thin Film Form” 3rd
Symposium on Industrial Science and Technology, 2021/8. (Oral Presentation)
Fangfang Wang, Dongjin Wang, and Yuki Nagao “OH" Conduction and Hydration
Properties of Anion Exchange Ionomer” 70th Symposium on Macromolecules,
2021/8. (Oral Presentation)

Fangfang Wang, Dongjin Wang, and Yuki Nagao “Relations of OH™ Conductivity
and Water Uptake of Anion Exchange lonomer” Solid State Proton Conductors
(SSPC-20), 2021/9. (Oral Presentation)

Fangfang Wang, Dongjin Wang, and Yuki Nagao “OH" Conductivity and Water

Uptake of Anion Exchange Ionomer” 34th International Microprocesses and

173



Nanotechnology Conference (MNC 2021), 2021/10. (Poster)

5. Fangfang Wang, Dongjin Wang, and Yuki Nagao “Anion conduction and Hydration
Properties of Anion Exchange Thin Films” Excellent Core Student Symposium in
2021, 2021/11. (Poster)

Award:

Professor’s Selection Award at the Excellent Core Student Symposium 2021 of JAIST

International Research Center for Silent Voice Sensing

174



Abstract of Minor Research

In this study, poly (ethylene oxide)/poly (vinylidene fluoride) (PEO/PVDF) in the
weight ratio of 1:1 as a composite binder was investigated for graphite anode in lithium-
ion batteries (LIBs). The electrochemical properties of PEO/PVDF-based anodic half-cell
were investigated. Compared to PVDF-based anodic half-cells, the PEO/PVDF-based
anodic half-cell exhibited slightly higher lithium-ion diffusion. According to
electrochemical impedance spectroscopy (EIS) results, PEO/PVDF-based anodic half-
cell had lower interfacial resistance after cyclic voltammetry (CV) than PVDF-based
anodic half-cell. PEO/PVDF-based anodic half-cell showed higher discharge capacity at
all current rates than PVDF-based anodic half-cell. The highest discharge capacity of
PEO/PVDF-based anodic half-cell was 265 mAh/g at 1C rate (372 mA/g as 1C of graphite)
which is higher than that obtained from PVDF-based anodic half-cell. Further, 93%
capacity retention with 95% coulombic efficiency after 321 cycles was observed for
PEO/PVDF-based anodic half-cell. Compared to PVDF-based anodic half-cell, the
superior performance of PEO/PVDF-based anodic half-cell can be attributed to the lower
interfacial resistance of solid electrolyte interface (SEI) and well-developed ion channels

for Li" conduction.

Keywords: PEO/PVDF composite binder, discharge capacity, capacity retention,

interfacial resistance, solid electrolyte interface (SEI)
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