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Chapter 1. General Introduction

1-1. Fuel cell

The majority of japan energy production is derived from the burning of fossil fuels
such as liquefied natural gas (LNG), petroleum and coal, which results in the emission
of large amounts of the greenhouse gas (COy) in addition to environmental pollution.
Polymer electrolyte fuel cells (PEFCs) are expected to be an important technology for
solving the environmental problem and energy strategy. PEFCs have a high power
density, environmental friendliness and relatively efficient in their conversion of
chemical energy to electrical energy. In general, PEFCs require hydrogen and oxygen as
a fuel for their operation. Exhaust of the PEFCs is free of CO,. Therefore, PEFCs have
attracted interest from wide application such as zero emission vehicles, portable energy
source and etc. Toyota Motor Cooperation published the first commercial fuel cell
vehicles on Dec 2014.

The PEFCs consists of a membrane electrode assembly (MEA), gas diffusion layer
(GDL), separator and current collector as shown in Figure 1-1. The MEA is fabricated
by heat press method using two catalyst layer (CL) and polymer electrolyte membrane

(PEM). Generally, CL and PEM use costly carbon supported platinum type metal



catalysts and sulfonic acid functionalized polymers such as Nafion (Figure.1-2). Figure
1-3 shows breakdown for cost of the PEFC. At the various components of the PEFCs,
CL and PEM play an important role, which are strongly contribute to cost of the PEFC
[1]. Especially, PEM is expected to be many ideal specific such as high ion conductivity,
excellent mechanical and chemical stability, and low cost. Therefore, over the last

decade the proton-conducting PEM for fuel cell have been developed extensively [2-8].

Current collector

Separator Fuel gas

s@é
|

MEA
(CL + PEM)

Figure 1-1. Schematic illustration of Polymer electrolyte fuel cell (PEFC)
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Figure 1-3. Breakdown of the 2013 projected PEFC stack cost at 1,000/year
production of 80-kW systems [2].



1-2. Polymer electrolyte
1-2-1. Perfluorosulfonated ionomers

For commercialization of the PEFCs, much effort has been devoted for the research
of advanced polymer electrolyte because of the polymer electrolyte is one of the most
important components of fuel cell. The most widely used PEM are perfluorosulfonated
polymers such as Nafion. Nafion is originally used in chlor-alkali process for produce
chlorine and sodium hydroxide [5]. They compose of the polytetrafluoroethylene
(PTFE) backbone and perfluorinated ether side chains terminated by super acidic
sulfonic acid groups as shown in Scheme 1. Nafion is one of the most promising PEM
for PEFC because of their high proton conductivity, excellent thermal and chemical
stability due to the special chemical structure. For understanding of high proton
conductivity of the Nafion, the higher order structure in commercial bulk Nafion
membrane has been investigated by variety of scattering methods such as small-angle
X-ray scattering (SAXS) (Figure.1-4) [9-12]. Hsu and Gierke have reported the famous
morphological model of the Nafion membrane [9]. Their study has revealed a phase
segregation structure between the hydrophobic and hydrophilic parts and 4 nm inverted

micelle clusters and 1 nm channel in Nafion (Figure 1-4(a)). Furthermore, other groups



revealed the elongated polymeric aggregates with ionic groups are packed with an
orientation ordering in bundles [10-12] (Figure 1-4 (b), (c)).

Although perfluorosulfonated polymers show excellent performance for fuel cell, it
has some drawbacks. Perfluorosulfonated polymers have relatively low glass transition
temperatures, and the proton conductivity decrease above 100° because of the ionic
cluster is dehydrated [2-5]. Perfluorosulfonated polymers are expensive because of their
complex manufacturing process due to the special chemical structure [2,5,6] . Moreover,
complex manufacturing processes contribute to impediments of the synthesis strategy
and poor flexibility of the molecular design. Therefore, many sulfonic acids
functionalized hydrocarbon based PEM have been intensively studied for alternative

PEM [2-4, 6-8].

CFz_Cin?CFz_CF y
Gr
O_CFz_CF—O_CFz_SO3H

Scheme 1-1. Nafion chemical structure



Figure 1-4. Schematic representations of the Nafion structure.
(@) Cluster-network model [9]
(b) Lodlike aggregate model [10]
(c) Inverted-micelle cylinder model [11]



1-2-2. Nafion thin film

Nafion is also commonly used in a dispersion state with various solvents for the

preparation of catalyst layers for PEFC [13]. It is present as few nm thick film with

three-phase boundary of catalyst (Pt or Pt alloy) and gas (Figure 1-2.) [13,14].

Understanding this interface has become necessary because the properties of the Nafion

thin film may be drastically different from bulk membranes and reactions in the PEFC

occur at those interfaces. Therefore, characterization of thin film structure and proton

transport property is important.

Recently, several studies of Nafion thin films have reported the structure [15-25],

proton conductivity [23, 26-31], water uptake [22, 23, 32-34 ] and diffusion coefficient

[21,28]. Siroma et al. [31], Paul et al. [26-28], and Nagao [29,30] demonstrated the

in-plane proton conductivity decreases with decreasing thickness in Nafion thin film,

which prepared by drop casting, self-assemble, and spin-coating respectively. The

structural models of Nafion thin films have been investigated by scattering methods

such as Neutron reflectivity (NR)(14-18), grazing incidence small-angle X-ray

scattering (GI-SAXS)[19-23], X-ray specular reflectivity (XRR)[24], and other

techniques [35-38] . These structural models completely differ from the bulk Nafion

membrane and depend on the thickness and surface state of substrate (Figure 1-5).



However, for use in fuel cell operations, the structure and proton conductivity of Nafion

thin films on a Pt surface has not been investigated systematically.

Ultra-thin (<55 nm) hydrophilic films Thin (>55 nm) hydrophobic films
Water-rich B 2
inter-lamellar lay_gr

Fluorocarbon
backbone

'555-300nm

' ~55 nm

Si0;
Multi-lamellar films Mixed layer films
{4 nm) (10-55 nm) (>55-300 nm)

(b)

Vapor

breskingup Nafion film wiope pundtes

C18-capped Si substrate Native Si (Si0,) substrate

Figure 1-5. Schematic representations of the Nafion thin film structure. (a) Thickness
dependent [35], (b) surface dependent nano-structure [21].



1-2-3. Hydrocarbon based ionomers

The various sulfonic acids functionalized aromatic hydrocarbon based PEMs
including the polyimides [38-47], polyphenylenes [48-52], polybenzimidazoles [53] and
poly(ether ketone)[54-59] have been reported for alternative PEM (Scheme 1-2). These
molecular designs are based on the phase segregation structure. Because proton is
considered to be transported smoothly through the hydrophilic sulfonic acid part in
phase segregation structure. Miyatake et al. have synthesized many sulfonic acids
functionalized poly(ether ether ketone) and polyimides ionomers [42-44, 54,55,57,58].
It was reported in the literature that the poly(ether ether ketone) and polyimide ionomers
exhibited good proton conductivity, chemical stability and fuel cell performance
comparable to or higher than perfluorosulfonated ionomers[42, 58] . To improve further
proton conductivity and chemical stability with phase segregation structure, many
researchers developed sulfonated block copolymers [51,52,55,58]. Amphiphilic block
copolymers are composed of the long hydrophobic and hydrophilic part. Therefore,
these block copolymers have larger scale for phase segregation and wider nano-channel
than random copolymers [7]. Mochizuki and Miyatake et al. have reported that
difference of the phase segregation morphology, proton conductivity and water uptake
at the perfluorosulfonated ionomers and hydrocarbon based block copolymers [60]. In

perfluorosulfonated ionomers cases, hydrophilic ionic channel orders with water

9



uptake(Figurel-7 (a) and (b)). The hydrocarbon based block copolymers show the

randomization of the hydrophilic ionic channel with increasing the water uptake

(Figurel-7 (c) and (d)). The block copolymers with wide nano-channels have been

considered to exhibit higher proton conductivity than random copolymers with narrower

channels because the block copolymers have continuous nano-channel [7]. However,

recent study of the advanced ionomers has demonstrated that the much wide channels

are not necessary for proton conductive channel [61]. Mochizuki and Miyatake et al.

have reported that the uniform hydrophilic channel is important for PEFC. Rikukawa et

al. demonstrated that the well-defined ordered structures contribute to high proton

conductivity at the low relative humidity (RH) region [52]. In summary, many reports

have described studies of the alternative PEM. Sulfonated aromatic hydrocarbon based

PEMs have been most intensively investigate. Recent studies pointed out that the

importance of the well-defined and uniform hydrophilic channel rather than channel

size. However, relationship between the proton transport property and detailed structure

of the hydrophilic channel has not been described. Moreover, alternative PEM is limited

within the concept of the chemical modification as described later (chapter 1-3).

10
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Scheme 1-2. Chemical structurer of the (a) sulfonated polyimide [43], (b)

polyphenylenes [48], (c) polybenzimidazoles [53], (d) poly(ether ketone)[57].

11



d/nm d/nm

10?

gi, A

S 10" EN

Q E

(&]

b

=

2

2 100 3 o

£ F —— 20% RH —— 60% RH "R 500
L —— 30% RH —— 70% RH N
F —— 40% RH —— 80% RH
- —— 50% RH —— 90% RH

Intensity / counts

10 .10
q/nm q/nm’

Figure 1-6. SAXS profiles for (a) Nafion, (b) Aquivion, (c) Poly(arylene ether sulfone
ketone) multiblock copolymer, (d) poly(arylene ether) block copolymer [60] .

1-3. Factor of the controlling proton conductivity

Controlling proton conductivity will be the important factor to design further
improved PEM. The most fundamental approach to achieve the high proton
conductivity is to increase the ion exchange capacity (IEC). Because IEC directly
affects ion concentration of the PEM. PEM with high IEC exhibits the highly water
uptake, resulting in higher proton conductivity compared with PEM with low IEC. An

acidity of the PEM is also one of the important factors for high proton conductivity.

12



High acidity contributes to highly water uptake at low humidity, meaning that proton

conductivity at low humidity improves. Recently, some groups have demonstrated that

aromatic ionomers with perfluorinated side chains can improve proton conductivities

under low humidity [44, 49, 63]. The high acidity of the perfluoroalkyl sulfonic acid

groups (pKa = c.a.-14) contributes to more effective proton conductivity compared to

lower acidity of the aromatic (pKa = c.a.-2.5) and alkyl (pKa = c.a.-0.6) sulfonic acid.

For example Rikukawa et al. have synthesized a novel poly(phenylene) with

perfluoroalkyl sulfonic acid groups at the side chain [49]. These membranes showed

high proton conductivity and water uptake compared with non-fluoro membranes

(Figurel-7). However, approach of the high acidity of the sulfonic acid groups limited

to the polymer main chain and side chain such as fluoro and aromatic. Moreover, high

IEC PEM exhibits to the poor mechanical stability and soluble in water [7, 39].

Therefore, an innovative strategy for design of the high proton conductive PEM has

been needed.

13
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(SPP). Humidity dependence of the water uptake and proton conductivity of SFPP, SPP
and Nafion [49].
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1-4. New strategy for high proton conductive PEM

Recent investigations have reported the enhancement of proton conductive properties
by the structural control of the conductive channel without chemical modification. For
examples, Kawakami et al. has revealed that uniaxially aligned sulfonated polyimide
shows the high proton conductivity and good mechanical stability [45-47]. These results
indicate the possibility of the enhancement proton conductivity using the oriented
molecular structure. However, relationships between nano structure and proton transport
properties of highly proton conductive polymers are still not well understood, because
nature of many proton conductive polymers has amorphous.

For uniformed or continuous proton conductive channel, the various techniques and
materials for fabrication of the proton conductive material are described which
including the Langmuir-Blodgett films [64,65], spin-coat films [66], coordination
polymer [67], graphene oxides [68] and liquid crystal [69]. The well-defined
two-dimensional lamella structure of the Langmuir-Blodgett film with carboxylic acid
showed the high in-plane proton conductivity and large anisotropic proton conductivity
(Figure 1-8) [64]. Highly oriented polypeptide film using the spin-coat method showed
that the one order of magnitude higher proton conductivity compared with the bulk

sample [66]. These results indicate that high proton conductivity can be attained even

15
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the Langmuir-Blodgett film [64].
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16



in a weak acid group (carboxylic acid) with an oriented thin film. In the case of the

porous coordination polymers (PCP) and Metal-Organic Frameworks (MOF),

nanopores functioned as highly proton conductive channels with guest molecules and

hydrogen-bonding network [67]. A liquid crystal material has attracted attention due to

fabrication of nanostructures by using molecular self-organization processes [69-74].

This organized structure forms uniform and definite proton conduction channel. Kato et

al. have examined the glassy liquid crystals preserving bicontinuous cubic structure [69].

This glassy liquid-crystalline material exhibits proton conduction due to formation of

hydrogen-bonding network by water uptake. Hernandez et al. have reported the

photo-cross-linking process to liquid-crystalline structures formed by self-assembly.

These cross-linked liquid-crystalline materials succeeded nanostructured polymer

membranes with ionic channel in different liquid-crystalline phases such as hexagonal,

lamellar and bicontinuous cubic [74]. Interestingly, the ionic conductivity and water

uptake of these polymer membranes were found to be strongly dependent on the

liquid-crystalline phases (Figure 1-9). As described above, liquid-crystalline material

may present opportunities to investigate the relationship between the structure and

proton conductivity. Moreover, various liquid-crystalline phases are an attractive for

understanding the proton conduction mechanism.

17



Proton conductive material using liquid-crystalline property

Recently, a number of new ion conductive liquid-crystalline (LC) materials have been
developed and relationships between the molecular assembled nanostructures and
property have been studied [70-81]. These materials comprised ionic liquids and
thermotropic LC property. Generally, thermotropic LC materials exhibit a various LC
phases and orientation at the different temperature and photo irradiation [82, 83].
Moreover, these ion conductive LC materials show the interesting property such as one
dimensional ion transport, switching of ionic conductivity and phase transition. In
contrast, there are a number of limited reports on the application of lyotropic LC
materials for ion and proton transport.

Lyotropic LC property is observed when an amphiphile is dissolved in a solvent such
as water or selective solvent [84]. This amphiphile requires a rigid molecular structure
and dissolve only one end of the molecular. The molecular structure of this amphiphile
is very similar to the concept of the aromatic PEM. For example, Wegner et al.
reported that the  poly (p-Pheneylene sulfonic acid) and alkyl substituted
(p-Pheneylene) showed the lyotropic behaver in DMSO solution [85, 86]. Vile et al.
reported that the poly(p-sulfophenylene sulfoterephthalamide) shows that the nematic

LC phase in water [87, 88]. Chen et al. revealed that the wedge-shaped sulfonate

18



amphiphile shows the phase transition with increase in humidity (Figurel-9) [87]. These

results indicate that the combination of the rigid molecular structure and sulfonic acid

groups lead to a lyotropic LC property. However, these lyotropic LC properties were

used for only fabrication of polymer film [48, 74, 89, 90]. Currently, less is known

about direct relation between the lyotropic LC property and proton conductivity.
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Figure 1-9. Evolution of the lattice parameter as a function of RH (bottom horizontal

axis) and water uptake (top horizontal axis) for wedge-shaped sulfonate amphiphile in
different mesophases [87].
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1-5. Research objectives

Understanding the relationships between nanostructure, and ion-transport properties are
critical to the design of PEM. However, it should be difficult to directly evaluate the
relationship between the structure and proton conductivity because of less structural
nature in the high proton conductive PEMs. In this thesis, the author paid attention to
understanding of the relationship between the proton transport property and polymer

nanostructure. This research mainly addresses following two parts;

(1) Understanding the relationship between the proton transport property and Nafion
thin film structure on the Pt-deposited surface. The author found the properties of the

Nafion thin film was drastically different from those of bulk membranes.

(2) Demonstrating an organized structure with hydrophilic water channels using
lyotropic liquid property using non-planar sulfonated polyimides with alkyl side chain
(ASPI) thin films. This new synthesis enhanced discussion of relationship between the

proton transport property and organized polymer nanostructure.

These findings in this research can contribute to the study of PEM for both
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fundamental and application. Moreover, it can extend to understand lyotropic LC
property in solid state materials.

The chapter 2 and chapter 3 are based on the strategy of relation between the
interfacial structure and proton transport property. The former significantly decreased
proton conductivity at the interface. Moreover, the interfacial structure strongly
depended on the thickness and interface. The latter enables more detail discussion for

the relation between the structure and proton transport property using at the interface.

1-6. Outline of thesis

In chapter 1, the general introduction of this thesis was mentioned about the
State-of-the-art PEM and recent strategy using the ordered molecular structure.

In chapter 2, the proton transport property and thin film structure of the Nafion at the
Pt-deposited surface were investigated. These results can contribute to understand the
relationship between the proton transport property and thin film structure on the
Pt-deposited surface at the three-phase boundary for fuel cells.

In chapter 3, the relationship between the proton transport property, water uptake and
organized structure using sulfonated polyimide with different molecular structure was

discussed.
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In chapter 4, general conclusion of this research was presented. The finding can

contribute not only to understand the relationship between the proton transport

properties and structure but also to develop a new strategy for the PEM.
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Chapter 2.
Interfacial Structure and Proton Conductivity of

Nafion thin film at the Pt-deposited Surface

Abstract

Understanding the Nafion-Pt interface structure is important because fuel cell reactions
occur at the three-phase boundary. Infrared (IR) p-polarized multiple-angle incidence
resolution spectrometry (pMAIRS) technique was used to investigate the in-plane (IP)
and out-of-plane (OP) spectra in the identical substrate. Proton conductivity of the
Nafion thin films decreased at the MgO and SiO, surfaces. The origin for the lower
proton conductivity can be proposed because of a highly oriented structure at the
interface. However, the interface structure of the Nafion-Pt interface remains unclear. In
this study, Nafion thin films were prepared by spin-coating on a Pt-deposited MgO
substrates. The IP spectrum exhibited a well-known spectrum, but the OP spectrum was
quite differed considerably from the IP spectrum. Furthermore, thickness dependence of
the degree of orientation for this OP band was observed at the Nafion-Pt interface. This
OP band can be assigned as the vibration mode of the mixture of the CF, and sulfonic
acid groups. At the low-RH region, proton conductivity of the Nafion thin film on the

Pt-deposited surface was one order of magnitude higher than that on the SiO, surface.
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Furthermore, the activation energy was 0.4-0.5 eV, which is lower than that of the SiO,

surface. These results, which suggest that the Pt surface influenced the proton transport

property of Nafion thin film, can contribute to understand the relationship between the

proton transport property and thin film structure on the Pt-deposited surface at the

three-phase boundary for fuel cells.

2-1. Introduction

Polymer electrolyte fuel cells (PEFCs), which are anticipated for use as a next-

generation power source, have been investigated extensively for use in energy

conversion for automotive, portable device and other applications. The membrane

electrode assembly (MEA) comprises a catalyst layer and the electrolyte membrane.

Understanding this interface has become necessary because reactions occur at the

three-phase boundary of a proton conductive ionomer, catalyst (Pt or Pt alloy), and gas.

Therefore, the structure and properties of the materials at the interface must be

elucidated [1]. Some reports have described that the interfacial confinement of polymer

electrolyte structure strongly affects the proton transport property [2-6].

Nafion, the most well-known and widely studied ionomer developed by DuPont, has

high proton conductivity in addition to excellent thermal and chemical stability [7]. The

chemical structure of Nafion consists of a hydrophobic polytetrafluoroethylene (PTFE)
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backbone with perfluorinated ether side chains terminated by hydrophilic sulfonic acid

groups, as shown in Scheme 2-1.

CF,~CF,}~CF,—CF -

ik
O_CFz_CF_O_CFz_CFz_SO3H

Scheme 2-1. Nafion structure.

The structure in commercial bulk Nafion membrane has been investigated thoroughly
using small-angle X-ray scattering technique [8-11]. A phase segregation structure in
hydrated Nafion has been reported. Moreover, Nafion is used in a dispersion state with
various solvents for the preparation of MEA. The ideal ionomer layer in the MEA is
regarded as extremely thin [12,13]. Paul et al. have reported the properties of ultrathin
Nafion films [14-17]. The structure and properties of bulk Nafion membranes have
been investigated widely in several studies described the literature, but the character of
its confined thin film in the catalyst layer is still not well understood.

Several studies of Nafion thin films have been reported on the structure, water
uptake, proton transport, and other characteristics. Neutron reflectivity (NR) [18-22],
grazing incidence small-angle X-ray scattering (GI-SAXS) [23-27], and X-ray specular

reflectivity (XRR) [28] techniques have revealed the effects of confinement and
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substrates. The NR study has revealed a lamellar structure between the SiO, substrate

and Nafion thin film [19]. Moreover, a single hydrated layer appeared at the metal

interface such as Pt and Au surfaces [18, 19]. Surface hydrophilicity and the water—

vapor interface contributed to the structure of the Nafion surface [23, 24]. Results of

another GI-SAXS study have demonstrated that the degree of the phase segregation

losses with decreasing the thickness [26]. Furthermore, Kusoglu et al. reported that the

annealed films also exhibit the loss of microphase segregation [27]. Our previous

studies conducted using infrared (IR) p-polarized multiple-angle incidence resolution

spectrometry (pPMAIRS) technique [29, 30], which had been developed by Hasegawa

[31-34], revealed the highly oriented molecular structure of Nafion thin films on both

MgO(100) and Si wafer.

Some studies of proton transport have reported a decrease of the proton conductivity

with decreasing thickness [16, 26, 30, 35], Moreover, proton conductivity has been

described as quite lower than that of the commercial bulk Nafion membrane [15, 30].

Recent investigations have revealed that the hydrophilicity at the surface of Nafion

ultrathin films is altered drastically by annealing, with conductivity changed by around

one order of magnitude according to relative humidity [17].
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Systematic analyses have examined the relationship between the structure and the

proton conductivity of Nafion thin films. However, the relation between the interfacial

behavior and proton transport property is not understood completely. For example, the

different interfaces suggest the results of different water uptake [26, 27, 36-38].

Kongkanand reported that water uptake decreases concomitantly with decreasing the

film thickness [36]. In contrast, Dishari et al. reported that the thin film at the SiO,

interface had higher water uptake than thicker films [38]. These results suggest that the

effects of the interface cannot be neglected. Bass et al. reported the surface

hydrophilicity dependence of the micelle orientation [24]. However, proton conductivity

has not been reported for the different interfacial conditions.

For use in fuel cell operations, the structure of confined Nafion thin films on a Pt

surface has not been investigated sufficiently. As described herein, IR pMAIRS

technique was conducted to investigate the molecular structure of the Nafion thin films

on Pt-deposited surface (Figure 2-1.). IR pMAIRS is increasingly regarded as a

powerful spectroscopic tool for revealing molecular orientation in thin films. The

PMAIRS analysis showed that in-plane (IP) and out-of-plane (OP) transition dipoles are

distinguishable in an identical infrared transparent substrate. However, because Pt is not

transparent for IR light, this study prepared an ultrathin Pt-deposited surface on the
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transparent substrate for pMAIRS. This ultrathin Pt-deposited surface has enabled the
measurement of proton conductivity because the electronic conductivity of the ultrathin
Pt-deposited surface is lower than the proton conductivity of the Nafion thin film. This
result can help to understand the relation between the proton transport property and the

thin film structure on the Pt-deposited surface at the three-phase boundary for fuel cells.

In plane Out of plane

Figure 2-1. AFM image of the cross-section of Pt/SiO, surface

2-2. Experimental

2-2-1. Nafion Thin Film Preparation on Pt Modified Surface

For this study, MgO (Furuuchi Chemical Industries Corp., Japan) and SiO, substrates
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(each 15 x 15 x 0.5 mm; Sendai Sekiei Co. Ltd.) were used respectively for IR and

proton conductivity measurements. This study examined the relation between the thin

film structure and proton conductivity on the Pt-deposited surfaces that had been

prepared on each substrate using radio frequency (RF) magnetron sputtering system

(KXS-110; Kenix Co. Ltd.). First, Pt-deposited surfaces were prepared by RF sputtering

of a pure platinum (99.99%, Kojundo Chemical Laboratory Co. Ltd.) metal target. The

RF power was applied, 20 W and 15 W respectively to MgO and SiO, substrates.

Deposition was done in 20 s at room temperature with an Ar atmosphere. To obtain thin

film thickness of Pt layer, deposition parameters were optimized. The thickness of the

Pt-deposited layer was c.a. 15-20 nm (Figure 2-2), determined using atomic force

microscopy (AFM, VN-8000; Keyence Co.).

[I'I m]

5000 10,000 15000 36,000 ;40000 45000

Figure 2-2. AFM image of the cross-section of Pt/SiO, surface

The Pt-deposited surface was characterized using X-ray photoelectron spectroscopy

(XPS, AXIS-ULTRA DLD; Shimadzu Corp.). Energy calibration and component
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separation were conducted using the bundled software with Gaussian profile. As a
reference, MgO and SiO, substrates were used without Pt deposition. Before using them,
plasma cleaning (Cute-MP; Femto Science, Korea) was conducted for a 10 sec.

For thin film preparation by spin-coating (ACT-200; Active Co. Ltd.), 5 % Nafion
dispersion (DE521 CS type; Wako Pure Chemical Industries Ltd.) was used.
Thicknesses of 20-400 nm were found using a surface profiler (P-15; KLA-Tencor
Corp.). The thickness was controlled by adjustment of the Nafion solution concentration
using ethanol and water. The Nafion thin films were dried for at least 12 hr in a
desiccator.

2-2-2. Infrared (IR) p-polarized Multiple-angle Incidence Resolution
Spectrometry (pMAIRS)

To investigate IP and OP molecular vibrations in an identical thin film, the IR pMAIRS
technique was performed. The pMAIRS measurements were taken using an FT-IR
spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped with a mercury—
cadmium-telluride (MCT) detector. The optical configuration is shown in Figure 2-3.
To obtain the p-polarized light, a ZnSe polarizer was used. Single-beam spectra were
collected from 38° through 8° in 6° steps between the angles of incidence. The

wavenumber resolution was 4 cm™. The number of scans was 64 for each angle of
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incidence. Dry air or N, gases passed through the sample compartment and inside of the
spectrometer for air purge. The humidity of the sample compartment was less than 5%
under room temperature. The aperture was fully opened (size of 150). A metal plate with
small pores was placed in the light path of the incidental beam to prevent saturation.
The pMAIRS analysis from the collected spectra was conducted automatically using

PMAIRS analyzer software (Thermo Fisher Scientific Inc.).

Electric N Substrate
i 1N
field Incident ™ \1
T angle / S

> IR light

€~ Thin film

Figure 2-3. Configuration of the polarized incident beam path and incident angle.
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2-2-3. Proton Conductivity Measurement of the Nafion Thin Films

The proton conductivity of thin films was measured at relative humidity (RH) range of

40-95% and temperature of 298-333 K using an impedance / gain-phase analyzer

(S11260; Solartron Analytical) with a dielectric interface system (SI11296; Solartron

Analytical) with humidity-controlled and temperature-controlled chamber (SH-221,

Espec Corp). Measurements were taken parallel to the substrate. The Au electrodes

were fabricated at the edge of thin film. The impedance data were collected at the

frequency range of 10 MHz and 1 Hz with amplitude of 50 mV. Proton conductivity (o)

was calculated as follows,

o=—o 1)

where d is the distance between the Au electrodes, R is the resistance value from

impedance, | and t are the length of the contact electrodes and thickness of the film

respectively.

The typical impedance response of Nafion thin films is comprised of a semicircle and

slant line response. The thin film resistance value (R) was determined by the point of the

intersection of a semicircle with real axis at the complex impedance plots.
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2-2-4. DFT Calculations

For the attribution of IR spectra, density functional theory (DFT) calculations were
performed using the DMol3 package in Materials Studio (Accelrys Software Inc.). The
Perdew—Burke—Ernzerhof (PBE) function was chosen. Convergence threshold for the
maximum force and maximum displacement for normal geometry optimization were set

respectively to 0.004 Ha A™* and 0.005 A.

2-3. Results and Discussion

The pMAIRS technique has never been applied to the Pt-deposited surface. To confirm
the validity of the pMAIRS technique using a Pt-deposited surface on the MgO
substrate, a validity check was carried out according to the literature [33]. Figure 2-4

shows the single-beam spectra with different incident angles.
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Figure 2-4. Single beam spectra of different angle and Transmission spectrum. (a) MgO
substrate (b) Pt-deposited MgO surface.
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surfaces.
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Figure 2-6. Transmission spectrum for Pt-deposited SiO, surface at the incident angle
of 38 degree.

The intensity of the single-beam in the case of thicker Pt-deposited substrate was almost
zero. However, the intensity for the thin Pt-deposited MgO (Figure 2-4(b)) was only
10% lower than that of the bare MgO substrate (Figure 2-4(a)). Each spectrum had a
similar shape in the case of Pt-deposited and bare MgO substrates. The intensity of the
single-beam spectra gradually decreased when the angle of incident decreased from 38°
to 8°. Therefore, it is inferred that this pMAIRS technique is applicable with the
Pt-deposited surface. To confirm the reproducibility for Pt deposition, Figure 2-5(a)
shows the Pt-deposited MgO surface of three samples at 38°. Three samples show
similar spectra. The single-beam spectra of the SiO, showed different spectra compared
to the MgO substrate, because SiO; has low IR transmittance (Figure 2-5 (b)) as a result

of the large absorption band at less than ca. 2100 cm™. The intensity from 4000 to 2200
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cm’ for ¢ thin Pt-deposited SiO, (Figure 2-5(c)) was a 4-10 % decrease compared with
the bare SiO, substrate (Figure 2-6). This value is approximately equal to that of the
Pt-deposited MgO.

Pt, an electroconductive material, the direction used for the impedance measurement is
parallel to the Pt-deposited surface. For thick Pt thin film, proton conductivity cannot be
measured because the resistance of Pt and Nafion thin films should be regarded as a
parallel circuit. Therefore, a thin Pt-deposited surface is necessary to evaluate proton
conductivity. Figure 2-7 shows the RH dependence of the resistance of Pt-deposited

surface on the SiO, substrate.
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Figure 2-7. Humidity dependence (RH) of the resistance obtained directly from the
impedance measurement.
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The resistance of the Pt-deposited surface was found to be independent of the RH: it
was 10™ ohm. In contrast, the resistance of the 20-nm-thick Nafion thin film deposited
on Pt / SiO; substrate was strongly dependent on the RH. The resistance of the
Pt-deposited surface was one order of magnitude higher than that of the Nafion thin
films in the whole RH region. Therefore the proton conductivity can be evaluated in
comparison to the Pt electronic conductivity. Two reasons for the higher resistance of
the Pt-deposited surface are considered: the thin Pt-deposited surface is oxidized,;
alternatively, Pt is an island structure rather than a smooth thin film. To assess these
possibilities, XPS was used. Figure 2-8 shows XPS spectra of Pt 4f and Si 2p electrons
for the Pt / SiO, surface. The binding energies of Pt 4f;,, 4fs/, electron peaks were found
respectively to be 71.5 eV and 74.7 eV. These values show good agreement with those
of Pt 4f;p,, 4fs;, electron peaks that have been reported in the literature [39]. The
oxidation state of Pt 4f peaks was observed in curve-fitted XPS spectra (Figure 2-9).
The relative peak areas were, respectively, ca. 25% (Pt 4fs;) and 75% (Pt'° 4fsp),
respectively (Table 2-1). This result suggests that the Pt-deposited surface was partially
oxidized. The Si 2p electron peak can be assigned as SiO,. It can be supposed that the
Pt-deposited surface has an island shape on the SiO; substrate. This result suggests that

the Pt-deposited surface was partially oxidized.
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Figure 2-8. XPS spectra of Pt 4f and Si 2p electrons from Pt / SiO; substrate.
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Figure 2-9. Curve-fitted XPS spectra for the Pt 4f core binding energy region of (a)
Low, (b) High resistance.

Table 2-1. Relative peak area from curve-fitted XPS spectra.

Pt*0 4f Pt*2 4f
(a) 85 % 15 %
(b) 75 % 25%
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Figure 2-10. Dynamic force mode (DFM) of atomic force microscope (AFM) images of
the bare surface and Pt-deposited surface: (a) MgO (b) SiO; (c) Pt / MgO (d) Pt / SiO,

surface.
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The surface morphology of the bare surface and Pt-deposited surface was obtained
using AFM. Figure 2-10 shows topographic AFM images of the bare surface and
Pt-deposited surface. Each image shows a 10 um x 10 um area of the surface. The
smooth surface images were obtained respectively from bare MgO and SiO, surfaces in
Figure 2-10(a) and (b), respectively. In contrast, rougher surfaces compared to bare
surface were observed in both Pt-deposited MgO and SiO, surfaces, as shown in Figure
2-10(c) and (d). These results support that the Pt-deposited surface has island
morphology on both substrates. Figure 2-11 shows the incident angle dependence of the
transmission IR spectra of the 300-nm-thick Nafion film on the Pt-deposited surface.
The absorbance around 1260 cm™ depended on the incident angle. This result suggests
that the thin film has an oriented structure. For a low incident angle, the peak around
1260 cm™ was not observed, which suggests that the IP transition dipole moment does
not have so much. The shoulder peak appeared gradually with the incident angle,

meaning that OP transition dipole moments were excited by polarized light.
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Figure 2-11. Incident angle dependence of the transmission IR spectra of the
300-nm-thick Nafion film on the Pt-deposited surface.

To discuss the details of the molecular orientation, pMAIR spectra after the collection
of single-beam spectra are shown in Figure 2-12. The Nafion membrane consists of a
hydrophobic PTFE backbone with perfluorinated ether side chains terminated by
hydrophilic sulfonic acid groups. The IP spectrum shows the well-known spectrum of
Nafion membrane [40, 41]. The bands at 1150 and 1210 cm™ are assigned respectively
to v (CF,) and vas (CF,). The shoulder band at 1300 cm™ is assigned to vas (CF3). These
vibration modes can be observed in the IP spectrum. However, the OP spectrum differed
greatly from the IP spectrum. The characteristic absorption band at 1260 cm™ was

observed only in the OP spectrum. Many investigations of IR spectra have been
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conducted using commercial Nafion films with several hundred or tens of micrometer
order thickness. Two groups have reported this peak located at 1260 cm™
experimentally by polarization modulation infrared reflection absorption spectroscopy
(PM-IRRAS) [42, 43]. They assigned different attributions of the band at 1260 cm™as v
(CF,) [42] and vy (CF3) + s (COC) [43] vibration mode, respectively. Zeng et al.
assigned vus (CF3) vibration mode at the 1269 cm™ in the Raman spectra [44]. Malevich
et al. and Korzeniewski et al. assigned attributions of the band at 1250-1350 cm™ and
1249-1275 cm™ as SO from a deconvoluted IR spectrum [45, 46]. In our previous
report, this IR band at 1260 cm™ was attributed to —SO3H vibration modes between the
two sulfonic acid groups with hydrogen bonds by the DFT calculation [30]. Similar
calculation results have been reported by another group [47]. Their calculations suggest
that the dimer structure of triflic acid shows absorption near the 1260 cm™. They
assigned this band as SOH in-plane bending vibration mode. Furthermore, Warren and
McQuillan assigned the measured band at 1255-1289 cm™ as sulfonic acid groups of
perfluoro(2-ethoxyethane) sulfonic acid [48]. For further consideration the attribution of
this band, DFT calculations were conducted as a modified model. Figure 2-13 shows a
perfluorinated sulfonic acid as a model compound of Nafion for DFT calculation. This

study employed the new model based on the Nafion equivalent weight with a longer

59



backbone than that described in the previous report. Vibration analysis was performed
after geometry optimization. In the previous calculation with the short main chain of
perfluorinated sulfonic acid, the band at 1260 cm™ had not been suggested [30].
However, the CF, mode around 1260 cm™ was suggested in this work using the longer
main chain. Therefore, the band at 1260 cm™ can be assigned as the vibration modes of
the mixture of the CF, and sulfonic acid groups. That abrupt conclusion for this
attribution seems inappropriate: further investigation is needed for this attribution. The
peak at 1060 cm™ [49], which corresponds to sulfonic acid group, is helpful for this
attribution. However, this IR region cannot be discussed because of IR absorption by the

MgO substrate.

60



~—Qut-of-Plane
=—In-Plane x2

o
&)

o
~

o
w
T

o
N
T

Absorbance

©
[EEY
T

O [] [] [] []
1450 1400 1350 1300 1250 120011150 1100
Wavenumber /cm

Figure 2-12. IR pMAIRSpectra of 300-nm-thick Nafion thin film on the Pt-deposited
surface.

Figure 2-13. Nafion-like model for DFT calculation: carbon (gray), fluorine (light blue),
oxygen (red), sulfur (yellow), and hydrogen (white).

Some literatures describe the thickness dependence by other measurements in the

confined Nafion thin films. The proton conductivity [16, 26, 29, 35], water uptake [26,

27, 36-38], and degree of hydrophilicity depend on the thickness [14]. The thin film
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thickness may affect the interface structure. To investigate the interface structure of the
confined Nafion thin films on the Pt-deposited surface, Figure 2-14 shows the thickness
dependence of the oriented structure on the Pt-deposited surface. The absorbance of the

band at 1260 cm™ depends strongly on decreasing thickness and decreases along with it.
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Figure 2-14. IR pMAIRSpectra of a Nafion thin film on the Pt-deposited surface. The
thickness of Nafion thin films is (a)170 nm, (b)80 nm, (¢)50 nm, and (d)35 nm thick.

Figure 2-16 depicts the thickness dependence of relative intensity ratios based on the

strongest bands located at 1260 cm™ (OP) and 1215 cm™ (IP). The relative intensity

ratio is calculated as follows,
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. . Ipp(1260cm™)
Intensity ratio = 1o (1215 om-D) (2)

where lop and Ip are derived from peak absorbance of IR pMAIRSpectra. The
threshold was observed around 50-70 nm for the case of the Pt-deposited surface. The
thin film structure changes drastically at this region of the thickness. A few literatures
are available for the discussion between Pt and sulfonic acid groups [27, 44, 50, 51].
The possibility of a contribution by the difference of the surface morphologies between
the Pt-deposited surface and MgO cannot be excluded based on our experiments results.
And no apparent surface-enhanced IR effect was observed. Additional information for
the thin film structure can be considered at 1400 cm™. A new peak appeared for
35-nm-thick Nafion thin films on the Pt-deposited surface. This new peak can be
assigned as (S=0) of the SO3H [49]. Our model compound of Nafion also suggests the
S=0 and S-OH stretching modes of the -SOsH groups at 1400 cm™. The dissociation
state of the -SO3H groups depends on the thickness. Although the proton of -SO3;H
groups in the thicker thin film is dissociated, the proton of -SO3H groups at the interface
on the Pt-deposited surface is not dissociated in the dry atmosphere. The dissociation
state might derive from the structure. Thickness dependence has not been discussed for
the previous report by the MgO substrate [29]. Figure 2-15 shows the thickness

dependence of the pMAIR spectra.
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Figure 2-15. IR pMAIR spectra of a Nafion thin film on the MgO surface. The
thickness of Nafion thin films is (a)400 nm, (b)250 nm, (c) 30 nm, (d)20-nm-thick.

The absorbance did not depend as much as in the case of the Pt-deposited surface. As
shown in Figure 2-16, thickness dependence of the intensity ratio between the
Pt-deposited surface and MgO substrates showed a different trend. The threshold was
not observed in the case of the MgO substrate which suggests that the thin film structure
depends on the type of the substrate. Similar thresholds of the proton conductivity and
surface hydrophilicity were reported respectively by Modestino et al. and Paul et al.

using the thermal treated SiO; surface, [14, 26].
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Figure 2-16. Thickness dependence of relative intensity ratios based on the strongest
bands located at 1260 cm™ (OP) and 1215 cm™ (IP) for the Nafion thin films.

Figure 2-17 shows the proposed schematic views of the interface structure of the

Nafion thin films on the Pt and MgO substrate. The hydrophobic PTFE backbone might

be orient to in-plane direction. This oriented structure is similar to the structure

proposed by other groups [12, 23, 24]. In the case of the Pt-deposited surface, sulfonic

acid groups are in non-dissociative state in the section of the pMAIR results and

previous reports [43, 51].
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Figue 2-17. Schematic views of the interface structure of the Nafion thin films on the Pt
and MgO substrate.

The thickness dependence of the proton conductivity on the SiO, substrate has been
reported [16, 26, 29, 35]. Modestino and co-workers reported that this conductivity
change derives from the change of the interface structure from the GI-SAXS results.
However, the proton transport on the Pt-deposited surface has not been sufficiently
discussed. The thickness dependence of proton conductivity of the Nafion thin film for
various RH at 298 K is shown in Figure 2-18. Proton conductivity is dependent on
thickness and RH. These proton conductivities were found to be 10° — 10% S cm™ at

95% RH. However, their conductivities were lower than that of the commercial bulk
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Nafion membrane. Furthermore, stronger RH dependence of the proton conductivity

was observed in the thin film case. At the low RH region, the proton conductivity

depends on the surface type. Proton conductivity on the Pt-deposited surface was one

order of magnitude higher than that on the SiO, substrate. This difference might derive

from the different thin film structure and/or state of proton dissociation of the sulfonic

acid groups, as discussed in the section of the pMAIR results.
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Figure 2-18. Thickness dependence of the proton conductivity for the Nafion thin films
at various RH: (a) on SiO, and (b) on Pt-deposited surfaces.
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The activation energy of each RH can provide useful information related to the proton

conduction mechanism. To obtain the activation energy, the temperature dependence of

the proton conductivity is shown in Figure 2-19.
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Figure 2-19. Temperature dependence of proton conductivities at various RH. (a)
40-nm -thick film on SiO, surface. (b) 40-nm-thick film on Pt-deposited surface.

All log(oT) depended lineally on the 1000T in this temperature region. The activation

energy for the 40-nm-thick Nafion thin films on SiO, and Pt-deposited surfaces is

shown in Figure 2-20 as a function of the RH. At the high RH region, all activation

energies exhibited similar values (ca. 0.3-0.4 eV). However, at the low RH region, the

activation energies depended strongly on the surface. The activation energy depends




strongly on RH in the case of the SiO, surface. A similar trend was reported by Paul et

al. [16]. In the case of the Pt-deposited surface as new data, the activation energy was

0.4-0.5 eV, which has lower activation energy than in the SiO, surface case. The reason

for the relatively higher proton conductivity at the low RH on the Pt-deposited surface

is derived from this lower activation energy.

To understand the origin of the lower activation energy on the Pt-deposited surface, it

is essential to consider the Nafion interface on the Pt-deposited surface. Water uptake

and the diffusion coefficient of the water were informative physical parameters for the

further discussion of the proton transport. Eastman et al. reported that the diffusion

coefficient of the water decreased drastically at the interface [28]. These data are based

on the polarization modulation-infrared reflection-adsorption  spectroscopy

(PM-IRRAS) with the Au surface and QCM measurements with the SiO; surface. The

diffusion coefficient between the metal and SiO, surfaces shows no difference.

Regarding water uptake, Murthi et al. , Kusoglu et al. and Shim et al. reported that the

water content (1) at the interface on the Pt [18] surface is less than that of the bulk [27,

52]. Modestino et al. reported that the water content at the interface on the SiO; surface

is greater than that of the bulk. This greater water uptake enhances the dilution and

isolation of the sulfonic acid groups. [26]. This contributes to the decrease of the proton
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conductivity and to the high activation energy. Based on the description presented above,

the Nafion interface on the Pt-deposited surface might hold the low water contents. The

appropriate amount of water might develop a favorable structure for the proton

conduction. The proton conductivity at further low RH around 0% was not obtainable

because of limited machine specifications.
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Figure 2-20. Activation energy for the 40-nm-thick Nafion thin films on SiO;, and
Pt-deposited surface as a function of the RH.
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2-4. Conclusion

The interfacial confinement of polymer electrolyte structure strongly affects the proton

transport property. Although structure and properties of Nafion bulk membranes have

been investigated widely, the character of their confined thin films on the Pt-deposited

surface as a model of the three-phase boundary remains unclear. Nafion has an

orientation structure at the Pt-deposited surface by pMAIRS. The degree of orientation

on the Pt-deposited surface depends on the thickness. A different dissociation state of

sulfonic acid groups was also observed. At the low-RH region, proton conductivity

depends on the Pt-deposited and SiO, surfaces. Proton conductivity on the Pt-deposited

surface was one order of magnitude higher than that on SiO, substrate, but its

conductivity remained lower than that of the bulk membrane. This difference might be

derived from the different thin film structure and/or the dissociation state of the protons

at the sulfonic acid groups. For the Pt-deposited surface, the activation energy is 0.4-0.5

eV, which has lower activation energy than in the case of the SiO; surface. These results

elucidate the relationship between the proton transport property and thin film structure

on the Pt-deposited surface at the three-phase boundary for fuel cells.
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Chapter 3
Highly proton conductive polyimide thin films

with organized structure

Abstract

The insight into confined polymer thin film is imperative to enhance the performance of
polymer electrolyte fuel cells. The previous study revealed that the enhancement of the
proton transport was attributable to molecular ordering and orientation of the liquid
crystal domains in sulfonated polyimide thin films. However, collation of its property
and water-uptake is still not well understood. This chapter clarifies the relationship
between the proton transport property, water uptake and organized structure using
sulfonated polyimide thin film with different molecular structure. Quartz crystal
microbalance (QCM) was used to investigate the water uptake for thin film. The
different main chain alkyl sulfonated polyimide (ASPI) show the well-defined ordering
structure and highly proton transport property at the high relative humidity. These
results demonstrated that the molecular ordering structure of the polyimide thin film

may significantly affect the proton transport property.
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3-1. Introduction

1. Introduction

Research on energy conversion technology has rapidly expanded for use as a

next-generation power source due to necessary for sustainable energy. Polymer

electrolyte fuel cells (PEFCs), in which typically proton exchange and anion exchange

membranes, respectively have been expected because of their environmentally friendly

and high efficiency. Due to the most important components of fuel cell, much effort has

been devoted for the research of advanced polymer electrolyte [1-5].

Nafion is one of the most widely studied polymer electrolytes for fuel cell study [6-10].

The hydrated Nafion, it is well known that high proton conductivity is achieved by well

phase-separated hydrophilic nanochannel. However, perfluorosulfonated polymer is

restricted by some drawbacks such as high cost, high gas permeability and poor

molecular design [11,12]. In order to solve these problems, development of alternative

polymer electrolyte is needed. Over the past decade many efforts have been devoted to

the development of alternative polymer electrolyte. To achieve the high proton

conductivity, several PEM such as sulfonated block copolymers and graft copolymers

using the concept of the well phase-separated hydrophilic channel. In addition, proton

conductivity of polymer electrolyte membranes is closely related to several parameters
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such as acidity, number of sulfonic acid groups, main chain and side chain structures,

and membrane morphology [13-18]. These are mainly done by chemical modification.

Therefore, it should be hard to focus on the relationship between the structure and

proton conductivity.

From another view point, structural confinement effect of the polymer electrolyte thin

film has been reported [19-39]. Structure and property of confined polymer thin film are

altered drastically from the bulk due to interaction of the surface and substrate interface.

For example, study of the Nafion thin films has demonstrated that the degree of the

phase segregation and proton conductivity losses with decreasing the thickness [37].

Another Nafion thin film study have reported a lower water uptake, but it is still not

well understood [29, 37].

In contrast, recent investigations of the enhancement for proton conductive properties

have been reported by the structural control of the proton conductive channel without

chemical modification [22-28]. Sato and Matsui et al. reported that the well-defined

two-dimensional lamella structure of the thin polymer film with carboxylic acid shows

the high proton conductivity and large anisotropic proton conductivity [23,24]. This

result shows a possibility for enhancement the proton conductivity using the molecular

orientation.
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In order to characterize the proton conductive nanochannel it is necessary to investigate

the orientation and higher order structure in polymer. Sulfonated polyimide with alkyl

side chains is found to be the high proton conductivity as well as highly molecular

ordered structure [25-27].The SPI with rigid and planer molecular structure shows the

lyotropic LC like property by water uptake, which responds reversibly by the humidity.

Furthermore, proton conductivity of the SPI thin film was affected by size of the LC

domains and degree of the molecular ordering [27]. However, relationship between the

proton transport property and ordered structure remains unclear.

It is well known that aggregation structures in polyimide results in a LC like ordered

structure and amorphous matrix. Ando and co-workers have investigated the detail

orientation and aggregation structures of the aromatic and semialiphatic polyimides

(PIs) [42]. They found that PI film with nonplanar molecular structure exhibits lower

degree of the orientation in the liquid-crystalline-like ordered domains than those of

rigid planar molecular structure. The steric effects of the PI film have influences on the

aggregation structure, packing structure and n—n stacking of imide and phenyl rings. In

other words, such higher order structure of Pl can be modified by different molecular

structure. In this chapter, author designed and synthesized SPI with nonplanar molecular
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structure using the different dianhydride moieties. The nonplanar molecular structure
can be expected the different molecular ordering.

This work provides insight into the relationship between the proton transport property
and organized polymer nanostructure. In this study an effect of nonplanar polymer
backbone to the organized structure, water uptake and proton conductivity of the four
sulfonated polyimide thin film is discussed. Grazing-Incidence Small-Angle X-ray
Scattering (GISAXS) is used to elucidate the structure of thin films and help to
understanding of differences of the higher-order structure. Quartz crystal microbalance
(QCM) was conducted to investigate precisely the influence of adsorbed water
molecules on lyotropic liquid crystallinity property of the polymer thin film. The in-situ
FT-IR measurement was investigated for dissociation of the sulfonic acid groups. I
finally discuss the importance of higher-order structure for achieving high proton

conductivity.

3-2. Experimental section
3-2-1. Materials
1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTDA) was used as received from

Sigma—Aldrich. 3,3’-Dihydroxybenzidine, propanesultone, and pyromellitic dianhydride

84



(PMDA), 4,4'-oxydiphthalic anhydride (ODPA) and 4,4'-biphthalic anhydride (BPDA)

were used as received from TCI, Japan. Acetic acid, acetic anhydride, methanol, and

acetone were purchased from Wako Chemicals, Japan. Hydrochloric acid (Nacalai

Tesque, Japan), sodium hydroxide (Kishida Chemical, Japan), m-cresol, and

triethylamine (TEA) (Kanto Chemicals, Japan) were used as received.

3,3"-Bis(sulfopropoxy)-4,4'-diaminobiphenyl (3,3'-BSPA) was synthesis by according to

the literature [25-27].

R e
AC/NHN‘AC Ton Exchange AC/N
?
S

oé o)
SO,H iow

Scheme 3-1. Synthesis of monomer (3, 3'-BSPA).
Sulfonated polyimide with various molecular structures was prepared using the same
polymerization scheme (Scheme 3-2). A typical procedure for the synthesis of
sulfonated polyimide (ASPI) is as follows. 1 mmol of BSPA, 1 mmol of

anhydride-monomer, 7 ml of m-cresol, and 300ul of TEA were added to a round-bottom
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flask equipped with a magnetic stirrer bar under argon atmosphere at a constant
temperature of 150 °C for 6 h. The polymerized product was precipitated in large
excess cooled acetone. The precipitate was collected by centrifuge, washed several
times with fresh acetone and dried under vacuum for overnight. The final product was
subjected to an ion-exchange process using Amberlyst. 'H NMR measurements were
performed on a Bruker Avance 111 400 spectrometer using dimethyl sulfoxide (DMSO-
ds) as the solvent and tetramethylsilane (TMS) as the internal reference.

Infrared (IR) spectra were measured by Fourier-transform infrared (FTIR) spectrometer
(Nicolet 6700; Thermo Fisher Scientific Inc.) equipped with attenuated total reflection

(ATR) accessory in the range 400-4000 cm™.

HzNNH2+ R1 TEA, 150°C lon-exchange= {_H O RZ%

m-cresol
SO4H SO4H SO,H S0;H
B ] B ASPI-1 ASPI-2
R1: q O o o o R2: q O o o 0
(o] (6] o] (o] o (¢} [e] (o]
ASPI-3 ASPI-4
(o] o (o] Q Q [e] (o] o (o] (@] Q (0]
(o] le} o] O (6] (o] le) o O 6]

Scheme 3-2. Synthesis of Sulfonated Polyimide.

3-2-2. Gel Permeation Chromatography (GPC)
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The molecular weights of SPI were determined by Gel permeation chromatography
(GPC, LC-2000plus; Jasco Inc.) with Shodex GF-1G 7B and GF-7M HG columns.
Response to the HPLC system control of up to four through the (controller) LC-Net
I1/ADC enables simultaneous recording of four chromatograms per system. A DMF-,
H,0O-, CH3COOH-, and NaNOgs-containing mixture was used as the eluent at a flow rate
of 1.0 mL min™. The polymer solutions were filtered through a 0.50 pm PTFE
hydrophobic filter before being injected into the column. The molecular weight was
calibrated with a polystyrene standard.

3-2-3-1. Thin Film Preparation

For this study, Si, SiO, substrates (each 15 x 15 x 0.5 mm) and SiO, -coated 9 MHz
quartz crystal microbalance (QCM) substrates (SEIKO EG&G Co. Ltd.) were
used respectively for thin film preparation by spin-coating (ACT-200; Active Co. Ltd.),
few wt % ASPI dispersion was used. Thicknesses of ¢.a.500 nm were found using an
atomic force microscopy (AFM, VN-8000; Keyence Co.) and White interference
microscope (BW-S506; Nikon Co.). The ASPI thin films were dried for at least 12 hr in
a desiccator.

3-2-3-2. Solution Shearing of ASPI Thin film
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Uniaxial orientation film was prepared by solution shearing the high viscosity ASPI-2

solution (c.a.18wt%) in H,O and THF on CaF, substrate. Solution shearing was

performed in ambient condition, using a doctor-blade (Figure 3-1). The sheared ASPI-2

film was dried under vacuum condition.

doctor
High viscosity blade
ASPI solution
CaF, g
substrate Parallel

Orthogonal

)

Figure 3-1. Schematic illustration of the solution shearing.

3-2-4. Proton Conductivity Measurement of the SPI Thin Films

The proton conductivity of thin films were was measured in at relative humidity (RH)
range of 40-95% with and temperature of 298 K using an impedance / gain-phase
analyzer (S11260; Solartron Analytical) with a dielectric interface system (S11296;

Solartron Analytical) with humidity-controlled and temperature-controlled chamber
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(SH-221; Espec Corp). The Measurements were taken parallel to the substrate. The Au
electrodes were fabricated at the edge of thin film. The impedance data were collected
in at the frequency range of 10 MHz and 1 Hz with amplitude of 50 mV. Proton

conductivity ( o) was calculated as follows,

where d is the distance between the Au electrodes, R is the resistance value from
impedance, | and t are the length of the contact electrodes and thickness of the film

respectively.

3-2-5. Water Uptake Measurements

Water up-take was measured using an in-situ QCM system. Figure 3-2 shows the
schematic illustration of QCM measurement. QCM substrates were connected to
oscillation circuit with DC power supply and frequency counter (53131A, Agilent
Technologies Japan). The QCM substrate was placed in an in-house constructed
humidity chamber with high-resolution RH sensor. A various humidity environments
were produced using a dry N, and humidified streams by humidity controller (BEL
Flow, BEL Japan). The frequency of the before and after the spin-coating of the QCM

substrate were conformed at the dry N, stream for determined the mass of dry film by
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the Sauerbrey equation

Am

_ /PR

2XF2

X (=AF) (2)

where S is electrode surface area, p is density of quartz and F is fundamental frequency

of QCM substrate.

The water content , A was calculated as follows,

A= (mﬂo—l)x il

My,o0

(3)

where m is film mass at the each RH, mg is film mass of at the 0%RH, Mi,0 is

molecular mass of water molecular, and EW is equivalent weight of each SPI.
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Figure 3-2. Schematic illustration of QCM measurement.
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3-2-6. Polarized Optical Microscopy (POM)

POM was used to elucidate the lyotropic LC domain morphologies and there size in
ASPI films. POM observation was performed using an Optical microscope (BX51,
BX51-P; Olympus Corp.) with digital camera (DP28 camera; Olympus Corp.). All

POM observation was carried out at the room temperature and ambient humidity.

3-2-7. Grazing-Incidence Small-Angle X-ray Scattering Measurements
(GI-SAXS).

GI-SAXS measurements were carried out as described previously in the literature.
Figure 3-3 shows the schematic illustration of in-situ GI-SAXS measurement. The
in-situ X-ray scattering experiments were performed on a X-ray diffractometer (FR-E;
Rigaku Corp.) with an R-AXIS IV two-dimensional (2D) detector. The sample stage
was composed of the goniometer and a vertical stage (ATS-C316-EM/ALV-300-HM,;
Chuo Precision Industrial Co. Ltd.) with a humidity-controlled cell. The typical cell
holds polyimide film (Kapton) windows and the humidity-controlled cell. Nitrogen
carrier gas was used as received, without further dehumidification, from the gas cylinder
to control the humidity. Cu Ko radiation (A = 0.1542 nm) with a beam size of

approximately 300 um x 300 um. The camera length was 300 mm. The incidence angle
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was chosen in the range from 0.20° to 0.22°.

Humid controller
(Bell Flow, Bell Japan)
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Figure.3-3. Schematic illustration of in-situ GI-SAXS measurement.

3-2-8. DFT Calculations
Density functional theory (DFT) calculations were performed using the DMol3 package
in Materials Studio (Accelrys Software Inc.). The Perdew—Burke—Ernzerhof (PBE)
function was chosen. Convergence threshold for the maximum force and maximum
displacement for normal geometry optimization were set respectively to 0.004 Ha A™

and 0.005 A.
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3-2-9. Infrared (IR) p-polarized Multiple-angle Incidence Resolution
Spectrometry (pMAIRS)

To investigate IP and OP molecular vibrations in an identical thin film, the IR pMAIRS
technique was performed. The pMAIRS measurements were taken using an FT-IR
spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped with a mercury—
cadmium-telluride (MCT) detector. The optical configuration is shown in Figure 1. To
obtain the p-polarized light, a ZnSe polarizer was used. Single-beam spectra were
collected from 38° through 8° in 6° steps between the angles of incidence. The
wavenumber resolution was 4 cm™. The number of scans was were 64 for each angle of
incidence. Dry air or N, gases were passed through the sample compartment and inside
of the spectrometer for air purge. The humidity of the sample compartment was less
than 5% under room temperature. The aperture was fully opened (size of 150). A metal
plate with small pores was placed in the light path of the incidental beam to prevent
saturation. The pMAIRS analysis from the collected spectra was conducted

automatically using pMAIRS analyzer software (Thermo Fisher Scientific Inc.).
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3-3. Results and Discussion

3-3-1. Synthesis and Characterization of the ASPI

The chemical structures of the synthesized sulfonated monomer and ASPI
characterized by *H NMR (Figure 3-4 and 3-5). The peaks between & = 7 to 9 ppm
corresponds to the H atoms in the aromatic rings. The aliphatic protons were observed
at & = 2.0-4.4 ppm. Integration of proton peaks in *H NMR spectra was in good
agreement with the number of hydrogen in both the backbone and side chain of ASPI
structure. No residual amide and carboxylic protons were observed, which indicates that
the imidization reaction was completed. Spectrum is after ion exchanged product. A
very small amount of the TEA was observed (ca.1%). FTIR-ATR spectra of the ASPI
were shown in Figure 3-6. The absorption bands of the (C=0) were observed at 1720
and 1780 cm ™, which corresponds to the C=0 asymmetric and symmetric stretching
vibrations in ASPI-2, ASPI-3, and ASPI-4 case. Similar vibrations of the C=0 were
observed at c.a. 1660 and 1710 cm™* in ASPI-1. The observed vibrational mode at 1500
cm s attributed to the phenyl C—C stretching vibration. The vibrational mode at 1380
(in ASPI-2, ASPI-3 and ASPI-4) and 1350 (in ASPI-1) cm™* is C—N bond of the imide
groups. The characteristics absorption bands of the sulfonic acid groups (O=S=0)
normally appear between 1030 cm™ and 1250 cm ™. Table 1 shows the molecular

weight, ionic exchange capacity (IEC), proton conductivity and water uptake.
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Figure 3-4. *H NMR (DMSO-dg) spectra of sulfonated monomer (3, 3-BSPA).
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Figure 3-5. '"H NMR (DMSO-dg) spectra of various sulfonated polyimide. (a)ASPI-1,
(b)ASPI-2, (c)ASPI-3, and (d)ASPI-4.
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Figure 3-6. FTIR-ATR spectra of the ASPI-1, ASPI-2, ASPI-3, and ASPI-4.

Table 3-1. Physical Properties of ASPI thin films.

Sample IEC ® (mequiv/g) Mw H" conductivity Water uptake” (%) A°
10 (S/cm)

ASPI-1 2.89 4.9x10° 1.78 76.8 14.8

ASPI-2 3.11 8.0x10° 1.96 78.7 14.0

ASPI-3 2.72 6.5x10° 0.29 63.3 12.9

ASPI-4 2.78 5.6x10° 0.8 66.0 13.3

2 |EC calculated from "HNMR. °Proton conductivity, water uptake and 1 measured at 95% RH.
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3-3-2. Proton conductivity.

The proton conductivity of the ASPI-1, ASPI-2, ASPI-3 and ASPI-4 thin films for
various RH at 298 K is shown in Figure 3-7. The proton conductivity of the all ASPI
thin films exponentially increased with RH, which is typical phenomenon of proton
conductive polymers. High IEC value means high ion concentration, so high proton
conduction can be expected. The proton conductivity and IEC value increased in the
order of the ASPI-2 (IEC = 3.11) > ASPI-1 (IEC = 2.89) > ASPI-4 (IEC = 2.78) >
ASPI-3 (IEC = 2.72). The proton conductivity for all of the ASPI thin films showed the
remarkably higher value of above a 10% S / cm (at 25°C, 95% RH). This proton
conductivity is comparable to the typical PEM and Nafion membrane, which indicates

that the ASPI thin films can conductive proton as efficiently as state of the art PEM.
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Figure 3-7. Proton conductivity of the ASPI thin films as a function of relative
humidity at 298 K.
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3-3-3. Water uptake.

The water uptake of the polymer electrolyte membrane is an important factor for the
proton conductivity. The RH dependence of water uptake of ASPI-1, ASPI-2, ASPI- 3
and ASPI-4 thin films was investigated for hydration behavior using the in-situ QCM
measurements. Figure 3-8 shows the humidity dependence of the water uptake and
number of water molecules per sulfonic acid (A [H2O / SOsH]). The water uptake
increased with IEC value and humidity. The water uptake almost followed the order of
the IEC values (Table 3-1). The A value of the ASPI thin film is also comparable to or
little lower than those of Nafion membrane [43]. Although there are no differences in
their A values at the 20-90% RH, the A value for ASPI-1 thin film was higher than that
for ASPI-2 thin film despite of the lower IEC value.

The proton conductivity and water uptake of the all of the ASPI thin films was almost
follows order of the IEC. In other words, if A value and /or IEC value is same, there is a
possibility to show the same proton conductivity. The thresholds of the proton
conductivity was observed at the c.a. A = 5-6.5 (Figure 3-9). Kreuer et al. reported that
6H,0O molecules are needed to efficiently facilitate proton transport for sulfonated PEM
[44].The thresholds of the ASPI thin films are close to this value, which agrees with the

results of a studied here. For investigated the state of sulfonic acid groups, in-situ FT-IR
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measurement was carried out.
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Figure 3-8. (a) Water uptake and (b) number of absorbed water molecules per sulfonic
acid group (A) of the ASPI-1, ASPI-2, ASPI- 3 and ASPI-4 thin films as a function of
relative humidity at 298 K.
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Figure 3-9. Proton conductivity of the ASPI thin films as a function of the A value.
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3-3-4. in-situ FT-IR

The in-situ FT-IR measurement was investigated for dissociation of the sulfonic acid
groups. Figure 3-10 shows RH dependent FT-IR spectra of the ASPI-2 thin film.
Fundamentally, the fingerprint region of this spectrum was similar to FT-IR ATR spectra.
The observed broad peak at the 3000-3700 cm™ corresponds to OH stretching vibration
mode of the water molecular. This absorbance of OH stretching vibration mode
increased with RH and water uptake (Figure 3-11 (a)). The absorption bands of the
dissociated sulfonic acid groups were observed at 1040 cm™* and 1200 cm™*, which
correspond to the SO3; symmetric (vs(SO3)) and asymmetric(vs(SO3’)) stretching
vibration modes. These bands of the dissociated sulfonic acid groups also increased
with RH and water uptake (Figure 3-11 (b)). However, these trends showed different
tendency compared to water uptake and OH stretching vibration mode (v(OH)). At the
low RH region, absorbance of the vs(SOj3) drastically increased. Then, absorbance
increased gradually up to 70 %RH. Finally, absorbance reached 0.055. The results
indicate that dissociation of the sulfonic acid groups almost completed around 70 %RH.
The absorbance of the vs(SO3’), v(OH) and proton conductivity are plotted as a function
of A value to estimate conductivity change in terms of dissociation of the sulfonic acid
groups in Figure 3-12. The absorbance of the v(OH) linearly increases with A value. The

dissociation of the sulfonic acid groups almost completed at A =c.a 5 which drastically
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increases proton conductivity. This result indicate that the proton conductivity improves

after completed dissociation of the sulfonic acid groups. After completed dissociation of

the sulfonic acid groups, additional water uptake can be contributed to development of

the proton conduction channels.
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Figure 3-10. in-situ FT-IR spectra of the ASPI-2 thin film under RH control .
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Figure 3-11. RH dependent absorption of (a) OH stretching (3420 cm™) and (b) SO3
symmetric stretching (1040 cm™).
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Figure 3-12. Proton conductivity and change of the absorbance of the vs(SO3’), v(OH)
as a function of A value.

3-3-5. LC ordered domain
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Figure 3-13 shows the representative POM images of the ASPI-1, ASPI-2, ASPI-3 and

ASPI-4  thin  films. Rikukawa et al. reported that the sulfonated

poly(4-phenoxybenzoyl-1,4-phenylene)s showed the lyotropic nematic phase in DMSO

solution [45]. Noteworthy, all ASPI films (not in solution phase) exhibited strong

birefringence due to the LC like morphology with large domain. Furthermore, it was

demonstrated that there were clear differences for the morphology and domain size due

to different polymer structure. Our previous study revealed that the high molecular

weight ASPI-2 has large domain size and high proton conductivity compared to low

molecular weight ASPI-2 [27]. These results suggest that the LC like morphology and

domain size was not only depend on the molecular weight but also influenced by

polymer structure. This difference of the morphology and domain size could be affected

to internal nanostructure. Therefore, detailed structural analysis was carried out by

GI-SAXS measurements.
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Figure 3-13. Polarized optical microscope images of the ASPI thin films. (a)ASPI-1,
(b)ASPI-2, (c)ASPI-3, and (d)ASPI-4.

3-3-6. GI-SAXS

In order to investigate the molecular ordered structure at the various humidity
conditions, in-situ GI-SAXS measurements were performed for ASPI-1, ASPI-2, ASPI-
3, and ASPI-4 thin films. Figure 3-14 shows the 2D GI-SAXS patterns at 0-95% RH
and humidity dependent 1D GI-SAXS profiles in the in-plane and out-of-plane
directions. The scattering arcs at the positions of gy, = 0.75 and 0.82 At were artifacts

caused by diffraction of the windows for the humidity-controlled cell. In the previous
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literature of the GI-SAXS measurements (Figure 3-14 (b)), a self-assembled lamellar

structure parallel to substrate surface has been determined in the ASPI-2 thin film [25,

27]. This lamellar distance expands to the out-of-plane direction by water uptake

(Figure 3-15). And a degree of molecular ordering improves by water uptake based on

the lyotropic LC property (Figure 3-16). In the in-plane direction, the insensitive

scattering peak (nm) for the humidity change can be observed, which is attributable to

the periodic monomer unit length.

In the same manner, ASPI-1 (Figure 3-14 (a)), ASPI-3 (Figure 3-14 (c)) and ASPI-4

(Figure 3-14 (d)) thin films exhibit the same humidity dependent self-assembly structure.

The d-spacing and assignment of the peaks were listed in Table 3-2. Qualitatively,

similar behavior for enhancing of the molecular ordering and expansion of lamellar

structure is seen for all ASPI thin films studied here. On the other hand, n-stacking (d =

0.35 nm) was observed only ASPI-1 thin film. This difference might be derived from

the different molecular structure such as naphthalene ring and benzene ring. Generally,

n-stacking of the polyimide was observed in highly crystalline structure [46].

Furthermore, scattering peak of z-stacking of the ASPI-1 is enhanced with increasing

the humidity. Based on this finding, main chain packing or degree of crystallization of

ASPI-lincreased with humidity.
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In the in-plane direction at the gy, = 0.38 A (d=1.63 nm), the periodic monomer unit
length for the polyimide chain units is observed only in ASPI-1 and ASPI-2 thin films.
This value is close to periodic monomer unit length estimated from DFT calculation
(Figure 3-17). However, higher order peaks were not observed in ASPI-1 and ASPI-2
thin films in the in-plane direction. This result suggests that the main chain orderings
parallel to the surface direction is not as high as that of typical aromatic polyimide [46].
In the case of the ASPI-3 and ASPI-4 thin films, diffraction peaks of periodic monomer
unit length were not observed because of the main chain was nonplanar molecular
structure. The order of the interchain packing in aromatic polyimide considerably
according to differences between the planar and nonplanar molecular structure [46].
Therefore, main chain orderings of ASPI-3 and ASPI-4 parallel to the surface direction
are significantly lower than those of ASPI-1 and ASPI-2 thin films. Nevertheless, the
diffraction peak in the out-of-plane direction as a lamella structure and interchain
packing reveals that all ASPI thin films indicate the humid-induced lyotropic lamella
structure is oriented parallel to the substrate plane. Ando et al. reported the molecular
ordered structure of polyimide with nonplanar (bent) molecular structure using detailed
GISAXS analysis [46]. The polyimide with nonplanar (bent) molecular structure shows

the isotropic order domain [46]. Hence the highly in-plane oriented structure in ASPI-3
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and ASPI-4 thin films is not explainable from typical polyimide. This difference might

be derived from the presence of the hydrophilic alkyl sulfonated side chains. The

amphiphilic polyimide with alkyl sulfonated side chains might promote a favorable

structure for in-plane orientation due to the lyotropic LC property. Therefore, highly

in-plane orderings of the ASPI thin films are significantly influenced by molecular

structure of diamine moiety with alkyl sulfonated side chains. The results of GI-SAXS

revealed that all ASPI thin films formed highly in-plane ordered structure, in which

lamellar distance expands to the out-of-plane direction and a degree of molecular

ordering improves by water uptake (Figure 3-18).
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Figure 3-14. The 2D GI-SAXS patterns at 0%RH and 95%RH respectively, and
humidity dependent 1D GI-SAXS profiles in the in-plane and out-of-plane directions of
the (a) ASPI-1, (b) ASPI-2, (c) ASPI-3, (d) ASPI-4

Table 3-2. d-spacing and assignment in the in-plane (IP) and out-of-plane (OP)
directions

Sample Direction d-spacing / nm Assignment
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0% RH 95% RH
ASPI-1 oP 1.3 2.85 lamellar
OP — 0.35 n-stack
IP 1.6 1.6 (100)
ASPI-2 oP 1.62 3.0 lamellar
OP 0.44 0.44 ch-pack
P 1.6 1.6 (100)
ASPI-3 oP 1.66 3.08 lamellar
OP 0.56 0.58 ch-pack
ASPI-4 oP 1.52 2.94 lamellar
opP 0.42 0.42 ch-pack
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Figure 3-15. Lamella distance for ASPI-1, ASPI-2, ASPI-3, and ASPI-4 thin films as a
function of relative humidity at 298 K.
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Figure 3-16. Scattering intensity of the lamella structure for ASPI-1, ASPI-2, ASPI-3,
and ASPI-4 thin films as a function of relative humidity at 298 K.
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Figure 3-17. Optimized structure model of the ASPI-2 obtained by DFT calculation.
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Figure 3-18. Schematic illustration of ASPI thin film structure.
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The above structural data are consistent with all ASPI thin films enhancing of the
molecular ordering and expansion of lamellar structure by water uptake. These results
indicate that all ASPI thin films are inherent in high proton conductive channel with
water nanochanel. In addition, high proton conduction was achieved at more than A =5
(ASPI-1), 5.3 (ASPI-2), 6.5 (ASPI-3) and 6.5 (ASPI-4) respectively. Similar trends
were observed in relationship between A value and scattering intensity of the lamellar
structure (Figure 3-19). The obtained results show a significant increase in scattering
intensity as A value increase, in particular for above c.a. A = 6. These results suggest that
the proton conductivity depends on not only the water uptake but also degree of the

molecular ordering.
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Figure 3-19. Scattering intensity of the ASPI thin films as a function of the A value.
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3-3-7. Characterization of the sheared ASPI film

For further detailed structural analysis, characterization of ASPI sheared film was
carried out by additional analysis. Figure 3-20 shows the polarized FT-IR spectra of an
ASPI-2 sheared film with polarized light orthogonal and parallel to the applied shear
direction. The spectra of the ASPI-2 sheared film show highly dichroism. A large
difference between orthogonal and parallel spectra demonstrates the uniaxial orientation
of the film. The effect of molecular orientations have on the degree of alignment during
film can be quantified by comparing the resulting absorbance dichroism. The observed
vibrational modes at 1380 and 1500 cm * are assigned respectively to the C—N bonds of
the imide groups and to phenyl C—C stretching vibration. Adjacent vibrational modes at
1720 and 1780 cm * correspond to the C=0 asymmetric and symmetric stretching
vibrations of imide groups, respectively. The absorbance dichroism was estimated

according to the following equation

S = (APara. - Aortho.)/(APara. + 2Aortho.)

Where Apara. and Aogrino. are absorbance of the orthogonal and parallel to the applied shear
direction respectively and S is order parameter. A large difference of the order parameter
was found a C=0 asymmetric and C—N bond of the imide groups (Table 3-3). The

vibrational mode of the former corresponds to the orthogonal to the main chain
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direction. The latter mode corresponds to the parallel to main chain direction. These

results indicate that the main chains of ASPI-2 sheared film are oriented parallel to

applied shear direction (Figure3-21).
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Figure 3-20. Polarized FT-IR spectra of an ASPI-2 sheared film.
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Figure 3-21. Relationship between shearing direction and main chain orientation.

Table 3-3 Order parameter of the ASPI-2 sheared film.

Wavenumber Assignment Order parameter
1380 cm * »(C—N) 0.323
1720cm * Vas(C=0) 0.141
1780 cm * p5(C=0) -0.209

Figure 3-22 shows POM images of a sheared film of ASPI-2 on CaF, substrate. The

macroscopic alignment and LC like morphology can clearly be seen in POM images.

LC like morphology is aligned parallel to the shear direction as indicated by the arrow.
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These results support that the ASPI-2 sheared film is oriented parallel to applied shear

direction.

Figure 3-22. POM images of the shear aligned film of ASPI-2 on CaF, substrate. The
shear direction indicates by the white arrow.

Figure 3-23 shows the 2D GI-SAXS patterns at 0, 95% RH and 1D GI-SAXS profiles
in the in-plane and out-of-plane directions of the ASPI-2 sheared film with X-ray
incident parallel and orthogonal to the shear direction. In the both parallel and
orthogonal directions, diffraction peak in the out-of-plane direction as a lamella
structure and interchain packing appeared at g, = 0.5 and c.a.1.3 A which corresponds
to the d-value of the 1.26 and 0.47 nm respectively. At the 95% RH, these lamellar
distances expanded to the out-of-plane direction at the g, = 0.22 (d=2.8 nm). The similar
behavior for enhancing of the molecular ordering and expansion of lamellar structure is

seen for spin-coat film. The 2D GI-SAXS image of the sheared film shows a lamellar
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spacing similar to the spin-coated thin films.

In the in-plane direction at the g, = 0.375 A" (d=1.66 nm), 0.78 A™ (d=0.81 nm) and
1.52 A (d=0.41 nm) the periodic monomer unit length for the polyimide chain units is
observed in the orthogonal direction at both 0 and 95% RH. The diffraction peaks of
periodic monomer unit length were not observed in out-of-plan direction and parallel
direction to the shear direction. The absence of peak for periodic monomer unit length
out-of-plan direction and parallel direction to the shear direction indicates that the main
chains of ASPI-2 are highly oriented parallel to the shear direction (Figure 3-24 (a)).
Furthermore, the scattering peak of lamella structure and interchain packing in the 2D
GI-SAXS pattern of parallel direction to the shear direction exhibited an isotropic
scattering arc compared with that of orthogonal directions. At the 95% RH, the
scattering peak of lamella structure in parallel direction clearly exhibits an isotropic
scattering arc, which demonstrates that the polymer orientation possesses isotropically

to orthogonal direction (Figure 3-24 (b)).
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Figure 3-23. The 1D GI-SAXS profiles in the (a), (c) in-plane, (b), (d) out-of-plane
directions and 2D GI-SAXS patterns with (e) orthogonal, (f) parallel direction of the
ASPI-2 sheared film at 0 and 95 %RH.
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(a) Pt

Figure 3-24. Schematic illustration of main chain orientation model in ASPI-2 sheared
film.
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3-3-8. Solution property in ASPI

The solution state in the ASPI-2 was investigated for effect of concentration using
POM. Figure 3-25 shows POM images of various concentration of the ASPI-2 solution
in H,O and THF mixed solvent. The concentration of the 10 and 15 wt% solution
exhibit strong birefringence and LC like texture in solvents. This distinctly indicates
that ASPI-2 solution is lyotropic solution. Moreover, these textures similar to ASPI-2
sheared film prepared using similar concentration. On the other hand, POM images of
the 5 wt% solution increased dark area, and finally LC like texture disappeared in
2.5wWt% solution. The dark area can be consider to optically isotropic part because
molecules disperse randomly at low concentration. This transition might be explainable
as different LC phase by the different concentration due to lyotropic LC property. The
ASPI-2 thin film shows still highly concentration (c.a.60 wt%) at the high RH region
(Figure 3-26) compared to solution state (15 wt%). These results indicate that the

solution state of the ASPI above 10 wt% shows the ordered lyotropic LC property.
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Figure 3-25. POM images of the ASPI-2 solution in H,O and THF mixed solvent. (a)
2.5 wt%, (b) 5 wt%, (c) 10 wt% and (d) 15 wt%.

_ 95 %RH Solid state (Thinfilm) 0 %RH
Solution state &

:\ 1
115 Wt% | |

0 10 20 30 40 50 60 70 80 90 100
ASPI-2 concentration / wt%

2.5 wt%

Figure 3-26. Lyotropic liquid crystalline behavior of ASPI-2.
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3-3-9. Molecular oriented structure by pMAIRS

IR pMAIRS is increasingly regarded as a powerful spectroscopic tool for revealing
molecular orientation in thin films [47-49]. The pMAIRS analysis showed that in-plane
(IP) and out-of-plane (OP) transition dipoles are distinguishable in an identical infrared
transparent substrate. Figure 3-27 shows pMAIR spectra of the ASPI-1, ASPI-2, ASPI-3,
ASPI-4 thin films. The observed vibrational modes of the ASPI-2, ASPI-3, ASPI-4 at
1380 and 1500 cm * are assigned respectively to the C—N bonds of the imide groups
and to phenyl C—C stretching vibration. Adjacent vibrational modes at 1720 and 1780
cm ~* correspond to the C=0 asymmetric and symmetric stretching vibrations of imide
groups, respectively. In a similar manner, pMAIRS spectra of the ASPI-1 shows the
C-N bonds, C-C stretching vibration, C=0 asymmetric and symmetric stretching
vibrations were observed at the 1350, 1500, 1680 and 1720 cm * respectively.

The relative intensity between the in-plane and out-of-plane vibrational modes of
PMAIR spectra was depend on the molecular orientation. A large difference between
in-plane and out-of-plane spectra demonstrates the anisotropic orientation of the thin
film. In the all thin films, at the C—N bonds, C—C stretching vibration gave the stronger
intensity in the 2 x IP spectrums than in the intensity of the OP spectrum. This result

indicates that the main chains of all ASPI thin films are oriented parallel to the surface.
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Figure 3-27. pMAIRS pectra of the (a) ASPI-1, (b) ASPI-2, (c) ASPI-3, (d) ASPI-4 thin
films.
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3-10. Conclusion

Highly ordered structure and high proton conductive material may present
opportunities to investigate the relationship between the structure and proton
conductivity. This work demonstrated that the ordering structure strongly affects to the
proton conductivity. This study investigated the relationship between the proton
transport property and organized polymer nanostructure using the sulfonated polyimide
with alkyl side chain (ASPI) thin films. All ASPI thin films exhibited the LC like
morphology, and different morphology and domain size due to different molecular
structure. These organized lamellar structure with highly oriented ASPI thin films
achieved high proton conductivity (above 102 S/cm). The degree of the molecular
ordering of those hydrated domains increased with proton conductivity. The main chain
orderings of nonplanar polymer backbone parallel to the surface direction are
significantly lower than those of planar polymer backbone. However, lamella structure
and interchain packing reveal that all ASPI thin films indicate the humid-induced
lyotropic lamella structure, which is oriented parallel to the substrate plane.

| propose that the proton conductivity depends on not only the water uptake but also

degree of the molecular ordering.
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Chapter 4 General conclusion

In this work, the proton conductivity and structural properties of the Nafion thin film
on Pt surface and sulfonated polyimide with alkyl side chain (ASPI) thin films were
investigated.

Chapter 2.

Nafion membrane is one of the most promising PEM for PEFC because of their high
proton conductivity. Recently, several studies of Nafion thin films have reported the
structure, proton conductivity and water uptake and diffusion coefficient. However, for
use in fuel cell operations, the structure and proton conductivity of Nafion thin films on
a Pt surface have not been investigated systematically. By considering the above points,
| focused on the development of proton conductivity measurement and analysis method
of molecular structure of the Nafion thin films on Pt-deposited surface. | found that the
Nafion has an orientation structure at the Pt-deposited surface. The degree of orientation
on the Pt-deposited surface depends on the thickness. A different dissociation state of
sulfonic acid groups was also observed. At the low-RH region, proton conductivity
depends on the Pt-deposited and SiO, surfaces. Proton conductivity on the Pt-deposited
surface was 1 order of magnitude higher than that on SiO; substrate, but its conductivity

remained lower than that of the bulk membrane. This difference might derive from the
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different thin film structure and/or the dissociation state of the protons at the sulfonic

acid groups.

Chapter 3.

Sulfonated polyimides of planar and nonplanar polymer backbone were synthesized to
investigate the relationship between the proton transport property and organized
polymer nanostructure. These highly oriented ASPI thin films with organized lamellar
structure achieved high proton conductivity (above 10 S/ cm). For the investigation of
the water uptake of ASPI thin films, I developed the in-situ QCM system. The water
uptake almost followed the order of the IEC values. The thresholds of the proton
conductivity was observed at the c.a. A = 5-6.5. This result was consistent with
dissociation state of the sulfonic acid groups. All ASPI films exhibited strong
birefringenceand LC like morphology with large domain. The results of GI-SAXS
revealed that all ASPI thin films formed highly in-plane ordered structure, in which
lamellar distance expands to the out-of-plane direction and a degree of molecular
ordering improves by water uptake. | propose that the proton conductivity depends on

not only the water uptake but also degree of the molecular ordering.
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The highly in-plane orderings of the ASPI thin films are significantly influenced by
molecular structure of diamine moiety with alkyl sulfonated side chains. The degree of

the molecular ordering of those hydrated domains increased with proton conductivity.

Future Prospects

From this research, the results suggest that molecular orientation and molecular
ordering can improve the proton conductivity.

The future prospects are mentioned as following

1. Nafion thin film shows low proton conduction, but still used as an actual binder in
the catalyst layer for PEFC. Because, Nafion ionomer is state of arts ionomer and there
are no alternative ionomer. Therefore, it is necessary to investigate more detailed proton
conductivity, water uptake and orientation structure in the same environment such as
carbon surface. Moreover, development of alternative ionomer for catalyst layer is

necessary for both fundamental and application studies.

2. The different types of side chain should be investigated to understand the
relationship between the lyotropic LC property and molecular structure as ASPI. The

amphiphilic character such as solubility is varied by changing the length and flexibility

135



of the sulfonated alkyl chain. Different amphiphilic character provides the opportunity

to extend the material application using lyotropic LC property.
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