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Abstract 

The catalyst layer (LC) is an important part of the polymer electrolyte membrane fuel cells (PEMFCs), 

where the hydrogen oxidation and oxygen reduction reactions (ORR) take place. Therefore, the efficiency 

of the LC has a profound effect on the performance of PEMFCs. The CL is a multi-scale composite 

structure composed of platinum group metal catalysts, carbon supports, ionomer materials and pores. 

The ionomers are used as binder and proton conduction network, carbon supports are applied to electron 

conduction, and pores provide mass transport channels for reactants and products. Studies have shown 

that the ionomer coverage on the catalyst particles decreases the ORR activity and increases the difficulty 

of oxygen diffusion to Pt surface, which seriously affects cell performance. Although reducing the 

thickness of the ionomer coating layer can effectively solve this problem, it will cause inhomogeneous 

distribution of ionomers and low proton transport efficiency. Hence, it is necessary to develop ionomer 

thin film materials with high proton conductivity. 

After decades of research, designing polymers with efficient proton transport channels based on 

well-defined phase segregation is a basic principle for development of high-performance proton-

conducting materials. The alkyl-sulfonated polyimides (ASPIs) are a kind of high proton-conducting 

materials that can form ordered structure under humidified conditions driven by lyotropic liquid crystalline 

(LC) properties. Previous studies have systematically explored the lyotropic LC properties of fully 

aromatic ASPIs. However, the reports on sulfonated semi-alicyclic polyimides are still rare. Therefore, 

this study mainly focused on exploring the influence of semi-alicyclic structure on the ordered structure 

driven by lyotropic LC properties and proton conductivity of ASPI thin films. In addition, the potential of 

ASPIs as pressure-sensitive materials was explored. 

Firstly, a sulfonated semi-alicyclic polyimide (BSPA-BOEDA) with a dienophile structure in backbone 

was newly synthesized. A facile cross-linking reaction was carried out via Fe3+-catalyzed Diels–Alder (D-

A) reaction between BSPA-BOEDA and silica nanoparticles modified by (3-cyclopentadienylpropyl) 

triethoxyslane (CPTS). Compared with BSPA-BOEDA, the cross-linked BSPA-BPEDA-NPs membrane 

and thin film showed better stability in water. Because of the nonlinear molecular conformation of neither 

BSPA-BOEDA nor BSPA-BPEDA-NPs can form well-defined ordered structures but only form phase 

separation. The proton conductivity of BSPA-BPEDA-NPs thin film is lower than that of BSPA-BOEDA 

thin film due to the cross-linking, reaching maxima value of 0.01 and 0.04 S cm-1 at 25 °C and 95% RH, 
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respectively. 

Secondly, a sulfonated semi-alicyclic oligoimide (BSPA-CPDA) with a linear molecular conformation 

was newly synthesized. Benefiting from this conformation, the BSPA-CPDA thin film forms a lamellar 

structure similar to that of fully aromatic alkyl sulfonated polyimides driven by lyotropic liquid crystal 

properties, even the molecular weight is significantly lower. The BSPA-CPDA thin film exhibits a high 

proton conductivity of 0.2 S cm-1 at 25 °C and 95% RH, which is the highest value among reported alkyl 

sulfonated polyimides with comparable molecular weight. 

Finally, the basic pressure sensitivity of three ASPIs (ASPI-1, ASPI-2 and APOS-PMDA) was 

investigated. The results show that ASPI-1 has no pressure sensitivity, while ASPI-2 and APOS-PMDA 

show reproducible pressure sensitivity under humidified conditions. Particularly, the resistance of ASPI-2 

thin film increases linearly with increasing the pressure between 0.1 and 0.2 MPa and the calculated 

sensitivity is 24 MPa-1. 

 

Keyword: Sulfonated imide ionomer, Proton-conductive thin film, Lyotropic liquid crystal, 

Pressure sensor 
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Chapter 1 

General Introduction 
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1.1 Liquid Crystal (LC) 

Liquid crystals (LCs) are well known as they represent the dominant technology for fabricating 

electronic display screens in recent decades. The beginning of the recognized liquid crystal science is 

the discovery of the double melting point phenomenon in the phase transition process of cholesterol 

benzoate by Austrian scientist Friedrich Reinitzer in 1888.1 Friedrich Reinitzer found that when cholesterol 

benzoate was heated to 145.5°C it would become a misty liquid and become completely clear when 

heated to 178.5°C. During cooling down the liquid, it first turned blue and then became turbid, and it 

turned purple again when continuously cool down, finally turned into a white solid. In addition, a reticulated 

strip structure similar to uniaxial needle-like crystals was also observed under the electric field. Then 

German physicist Otto Lehmann studied this phenomenon and proposed the concept of “liquid crystal” 

for the first time, as well as the classification methods of nematic phase and smectic phase, creating a 

precedent for liquid crystal research, hence Otto Lehmann is also known as the father of liquid crystal 

science. Since then, the development of liquid crystal science has fallen into a trough. Until 1968, the 

RCA company in the United States used the phenomenon that liquid crystal molecules were affected by 

the voltage to change the arrangement state of their molecules and can deflect incident light invented the 

first liquid crystal display. Starting from this, liquid crystal materials have gradually become the most 

important materials for display manufacturing. 

The liquid crystal phase is a special mesophase between solids (crystals) and liquids. In solids, 

especially crystals, molecules are confined to occupy specific positions in the crystal lattice and their 

molecular axes are oriented in the same direction. Compared with solids, the interaction between 

molecules in liquids is much weaker, resulting in the free movement and tumbling of molecules inside the 

liquid, leading to the loss of positional and orientational order.2 The molecules in the liquid crystal phase 

not only maintain some fluidity, but also have orientational order, and sometimes also have a positional 

order.3 The physical properties of crystal, liquid crystal and liquid are compared in Table 1. Because the 

liquid crystal phase has some orientational order, the light and electricity behaviors in the liquid crystal 

phase show anisotropy. Moreover, the orientational order in liquid crystal phase can be controlled 

artificially under some certain conditions. Therefore, in addition to being used in the production of liquid 

crystal displays, liquid crystal materials have also shown great potential in many other fields, such as 

molecular sensors and detectors, solar cells, and new composite materials, etc. 4,5,6,7 
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Table 1-1. Comparison of physical properties for crystal, liquid crystal and liquid 

 
Positional  

order 

Orientational 

order 
Fluidity 

Crystal yes yes no 

Liquid Crestal no yes yes 

Liquid no no yes 

1.2 Classification of liquid crystals 

There are various ways to classify liquid crystals. According to the conditions required for liquid 

crystal formation, it can be divided into thermotropic liquid crystal and lyotropic liquid crystal; according 

to the molecular weight of the molecules forming liquid crystal, it can be divided into low-molecular-weight 

liquid crystal and polymer liquid crystal; according to the shape of the molecules forming liquid crystal, it 

can be divided into calamitic (rod shape), discotic (disk shape) and bend core shape.2,8 

1.2.1. Thermotropic liquid crystal 

If one material can obtain liquid crystal mesophase through temperature change, it is called 

thermotropic liquid crystal. When the thermotropic liquid crystal is heated to the melting point Tm, it will 

transform into a liquid crystal phase with both fluidity and birefringence, and the liquid is viscous and 

turbid. The anisotropy of molecular shapes (such as rod-like molecules or disc-like molecules) and the 

microphase separation between different chemical structural units within the molecule (incompatibility 

between rigid cores and flexible chains) are the main driving forces for the formation of liquid crystals. 

Molecules that are anisotropic in shape tend to line up in parallel to occupy space most efficiently, thus 

achieving long-range orientational order without long-range positional order. Further, when the 

microphase separation between the parts with different intramolecular chemical structures causes the 

structural units with different properties in the molecule to aggregate separately from each other, a 

complex liquid crystal state structure with one-dimensional, two-dimensional or even three-dimensional 

positional order is formed. When the temperature continuously rises to the clearing point Tc of the material, 

the thermotropic liquid crystal will turn into an isotropic liquid again. If this liquid is cooled, the liquid crystal 

phase can be reversibly obtained again. 

The first discovered thermotropic liquid crystal material is cholesteryl benzoate, whose chemical 
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structure is shown in Figure 1-1(a). After more than 100 years of development, some typical molecular 

structures of thermotropic liquid crystals are shown in Figure 1-1(b) and (c). Typically, these molecules 

have a rod- or disk-like rigid core composed of aromatic rings and flexible terminal chains composed of 

aliphatic hydrocarbons. 

 

Figure 1-1. (a) Chemical structure of cholesteryl benzoate.9 typical rod-like (b) and disk-like (c) 

thermotropic liquid crystals.10 

Thermotropic liquid crystals can be further subdivided into three types, nematic (N), smectic (Sm), 

and cholesteric (Chol), according to the different molecular arrangements in their liquid crystal 

phases.7,11,12,13  

1.2.2. Lyotropic liquid crystal 

Lyotropic liquid crystal is a kind of mesophase formed by the dissolution of amphiphilic molecules 

(having both hydrophilic and hydrophobic groups) in a polar solvent (usually water). Lyotropic liquid 

crystals widely exist in nature and living organisms, usually some lipid esters, such as sodium dodecyl 

sulfonate. When these substances dissolve in water, they self-assemble into many different liquid crystal 

phases due to the exclusion volume effect. These mesophases have not only nanoscale phase 

separation but also periodically arranged hydrophilic and hydrophobic features. Lyotropic liquid crystals 

have attracted great attention in applications such as drug delivery, ion transport, and heterogeneous 

catalysis due to their self-assembly properties.14,15 The chemical structures of some typical lyotropic liquid 

crystal molecules are shown in Figure 1-2. 
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Figure 1-2. Typical lyotropic liquid crystals.10 

The morphology of lyotropic liquid crystals mainly depends on the concentration of amphiphilic 

molecules in the solvent and the temperature and pressure at which the liquid crystal phase is formed 

also affect it.16,17 Depending on the molecular shape/packing preferences and interfacial curvature energy, 

lyotropic liquid crystal phases can form in solvent ranging from micelles (I) to cylindrical channels 

(hexagonal, H)18,19,20 to planar bilayer lamellas (lamellar, L)21,22 to three-dimensional interconnected 

channels (bicontinuous cubic, Q).23,24,25 

The micelle is the most basic structure for the lyotropic liquid crystal phase. When the amphiphilic 

molecule reaches a certain concentration in the solvent (called critical micelle concentration, CMC), it will 

form an oil-in-water structure called normal micelle phase (I1), as shown in Figure 1-3(a). The subscript 

1 indicates that at lower concentrations the hydrophobic portion of the amphiphilic molecule is located at 

the center of the micelle phase. In contrast, an inverse micelle phase may be formed when the 

concentration is high, where the water molecule is located at the center. Such an oil-in-water structure is 

assigned as I2.15 When rod-like disk-like micelles have an orientation order, a lyotropic nematic phase 

similar to the nematic phase will be formed (Figure 1-3(b)). 
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Figure 1-3. Schematic diagram of (a) micelle and inverse micelle phase; (b) lyotropic nematic phase. 

As the concentration increases, the concentration of micelle in the solvent also increases gradually. 

To reduce and minimize the contact of the hydrophobic moiety with water, these micelles spontaneously 

form various secondary structures. The hexagonal is the first phase formed. If the concentration continues 

to increase a more ideal-ordered liquid crystal phase, the lamellar phase will appear. There are also 

intermediate phases between the hexagonal and lamellar phases, which have continuous three-

dimensional channels called bicontinuous phases. The relationship between the formed liquid crystal 

phase and the concentration of amphiphilic molecules is shown in Figure 1-4.26 

 

Figure 1-4. Common lyotropic liquid crystal phases formed by amphiphiles in water. 
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1.2.3. Polymer liquid crystal 

Usually liquid crystal materials are low-molecular-weight compounds, hence they are also called 

monomer liquid crystals (MLCs). In contrast, when the polymer compounds exhibit liquid crystal 

properties, they are called polymer liquid crystals (PLCs) or liquid crystal polymer (LCP).27,28 PLCs have 

received continuous attention as an emerging material platform in recent decades due to their easy 

processing and flexible molecular design properties from polymers and the structural order and 

anisotropy properties from liquid crystals. PLCs can be divided into main-chain-type PLCs and side-chain-

type PLCs according to the position of the mesogens (rigid component) located in the polymer. As shown 

in Figure 1-5(a), the backbone of main-chain-type PLCs can be composed of only mesogens and flexible 

spacers. Generally, it has ultrahigh modulus and good thermal stability, making them ideal structural 

materials.29 The backbone of side-chain-type PLCs is composed of flexible aliphatic polymers with 

mesogens located at the side chain positions (Figure 1-5(b)). Usually, it easily forms into phase-separated 

structures and abundant liquid crystal phases, making it excellent development platform for functional 

materials.  

 

Figure 1-5. Schematic diagram of (a) main-chain-type PLC and (b) side-chain-type PLC. 
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1.3 Application of liquid crystals 

Having fluidity and anisotropy simultaneously is the basis for their successful commercial 

applications of liquid crystal materials. After continuous development, liquid crystals have been 

successfully applied in display materials, catalysts, drug delivery, etc. As the research on liquid crystal 

materials, especially lyotropic liquid crystals and polymer liquid crystals, has gradually intensified, new 

application fields of liquid crystal materials continue to emerge. Among them, liquid crystal materials have 

huge advantages in the field of energy conversion. 

1.3.1. Lyotropic liquid crystal-based conducting material 

The development of efficient and environmentally friendly new energy conversion systems to replace 

traditional fossil fuel-based systems is still a challenge today. Lyotropic liquid crystal is gradually gaining 

attention in this field due to its ability to form long-range ordered structures at the nanoscale and is easy 

to make such ordered structures point in a specific direction as required. Compared with conventional 

non-ordered isotropic ion-conducting materials, lyotropic liquid crystal with the same ion transport unit 

has more uniform nanoscale domains and may form continuous transport channels in 1-, 2- or 3-

dimensional space. This property can greatly improve the ion transport efficiency and the ionic 

conductivity in lyotropic liquid crystals. 

More challenging work in the field of polymer membrane fuel cells (PEMFCs) is to develop ultrathin 

ionomer films with high ionic conductivity. Due to the important role played by the ionomer in PEMFCs, 

the requirements for its properties are different from those of the electrolyte bulk membrane. Due to its 

good self-assembly properties, the lyotropic liquid crystal has great potential in the fabrication of ultrathin 

ionomer films. Ichikawa et al. successfully obtained a lyotropic liquid crystal film with a bicontinuous phase, 

and its proton conductivity was as high as 10-1 S cm-1.30,31 Kato et al. fabricated ion-conducting thin films 

with columnar structures and demonstrated that the ionic conductivity parallel to the column axis was 

higher than that perpendicular to the column axis.32,33  

1.3.2. Liquid crystal-based sensor 

The fluid properties and the anisotropy caused by the orientational order of the molecules in the 

liquid crystal, enable it to respond to various external stimuli. These stimuli including light, temperature, 

pH, electromagnetic fields, and mechanical deformation may cause distortion of the director (n) for liquid 
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crystal phases. Taking the nematic phase as an example, the interaction between external stimuli and 

liquid crystal molecules produces elastic restoring force and can be described by the Frank–Oseen 

equation: 

𝐹𝑒 =
1

2
[𝐾11(𝛻 ⋅ 𝑛)2 + 𝐾22(𝑛 ⋅ 𝛻 × 𝑛)2 + 𝐾33(𝑛 × 𝛻 × 𝑛)2]                                       (1-1) 

where Fe is the elastic energy, K11, K22 and K33 are the Frank’s elastic constants associated with splay, 

twist and bend, respectively.34 The degree of damage to the orientational order of liquid crystal molecules 

by external stimuli determines the magnitude of the elastic restoring force (Fe) generated. This forms the 

basis for liquid crystals as sensor materials. 

There have been reports of sensors made of liquid crystal materials. Chen et al. fabricated a pH 

sensor by filling liquid crystal molecules into a copper grid on a glass substrate.35 Gleeson et al. fabricated 

strain sensors with high strain-optic coefficients s based on liquid crystal elastomers.36 Schenning et al. 

developed a temperature/humidity sensor based on H-bonded supramolecular cholesteric liquid crystal 

that can fast-respond through color changes.37 Most of these sensors developed based on liquid crystal 

materials have the characteristics of easy fabrication, fast response, and low cost, which make them 

great advantages compared with traditional sensors that require high-precision instruments for fabrication. 

1.4 Catalyst layer (CL) and ionomer 

The most serious challenge in the development of commercially viable fuel cell vehicles (FCVs) is 

the high cost of platinum (Pt)-based catalysis. Therefore, great efforts have been devoted to reducing the 

Pt loading in the cathode CL and improving the utilization efficiency of Pt in past decades.38,39,40,41,42,43 

However, membrane electrode assembly (MEA) with low Pt loadings generally suffers significant 

performance losses due to the huge oxygen transport resistance in the cathode CL.44,45,46 Therefore, in-

depth exploration of the oxygen transport behavior in the cathode CL is of great significance for optimizing 

the electrode nanostructure and improving the performance of polymer electrolyte membrane fuel cells 

(PEMFCs). 

The total oxygen transport resistance (Rtotal) in the cathode of PEMFCs can be divided into several 

components, i.e., the transport resistance in channel (RChannel), in GDLs (RGDLs), and in CLs (RCLs).44,45,46 

Among them, RCLs is proven to be the main contributor to Rtotal.47,48,49 Figure 1-6 is a schematic diagram 

of an MEA, which consists of PEM, ORR catalyst and ionomers. There are two kinds of pores in the CLs, 
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one is the primary pores possessed by the catalyst particle itself, and the other is the secondary pores 

formed between the catalyst particles covered by the ionomer thin film. Therefore, the oxygen transport 

resistance through CL can be divided into two types, i.e., the diffusion resistance of oxygen in the primary 

and secondary pores, denoted as the bulk transport resistance RBulk, and the permeation resistance of 

oxygen through the ionomer membrane, denoted as the local resistance, RLocal. 

Although both of these two different mechanisms of oxygen transport resistance are important for 

PEMFC, studies have shown that RLocal is the dominant contributor at low Pt loading MEA. 50,51,52 With 

decreasing Pt loading, concentration polarization will severely deteriorate the performance of PEMFC, so 

it is necessary to reduce the oxygen transport resistance in CL, especially RLocal. An effective approach 

is to adjust the ratio of ionomer to carbon (I/C).53,54 Once a is too large, the massive aggregation of the 

ionomer will cause additional local transport resistance, meaning that oxygen must pass through a thicker 

ionomer film to reach the active sites of the Pt catalyst.55 When I/C is in an appropriate range, not only 

the ionomer will cover the catalyst particle surface more uniformly but also RLocal will be significantly 

reduced.56 However, simply reducing I/C to reduce RLocal results in a sacrifice of proton transport efficiency 

in the CL. Therefore, it is of great significance to develop ionomer materials with high proton conductivity 

that can uniformly cover the surface of catalyst particles. 

 

Figure 1-6. Schematic diagram of the membrane electrode assembly (MEA).  

The electrode reaction of PEFCs can only occur at the three-phase boundary where the fuel or 

oxidant, catalyst and polymer electrolyte are in contact with each other (Figure 1-7). In order to let the 

reaction proceed smoothly, a highly proton-conductive material must be present at the three-phase 
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boundary. The ionomer film is very thin compared to polymer electrolyte membranes, generally. This 

requires the ionomer to have a high proton conductivity even in a very thin state. 

At present, the most used proton-conductive polymer material is perfluorosulfonic acid (PFSA), which 

is designed and developed by DuPont, and is commonly called Nafion.57,58,59 The structure of Nafion is 

shown in Figure 1-8. Nafion is a copolymer obtained by radical polymerization. One of the comonomers 

is tetrafluoroethylene (TFE), and another comonomer has a perfluorovinyl ether side chain terminated 

with a sulfonic acid group. The basic strategy for designing PFSA as represented by Nafion is to make 

the hydrophobic main chain and the hydrophilic side chain form microphase separation under some 

conditions.60 As shown in Figure 1-9, the sulfonic groups will gradually come together to form clusters 

under humidified conditions. Protons and water molecules can move in PFSA through these clusters. The 

formation of these clusters allows water molecules to pass freely in PFSA and promotes the transport of 

protons, thus giving PFSA excellent proton conductivity. In addition, by adjusting the ratio of x can get 

PFSA with better mechanical strength and higher proton conductivity.61 

Although Nafion has excellent proton conductivity and good chemical and mechanical stability, there 

are still some defects such as high cost, difficult to recycle and methanol permeability that limit the wide 

application of Nafion57,58. In addition, a significant decrease in the proton conductivity when Nafion is 

made into a thin film was reported.62,63,64 Therefore, it is necessary to develop a new material that can be 

used as an ionomer for replacing Nafion. 

 

 

Figure 1-7. Schematic diagram of PEFC and three phase boundary.  



  12 

 

Figure 1-8. Chemical structure of Nafion. 

 

 

Figure 1-9. Schematic diagram of cluster structure in perfluorosulfonic acid polymers.57 

1.5 Enhancement of proton conductivity in ionomer thin films 

Based on the success of Nafion, most ionomer designs are also based on microphase separation 

between hydrophobic and hydrophilic components. However, these ionomers usually do not possess 

well-defined long-range ordered structures, which makes it difficult to deeply discuss the relationship 

between structure and proton conductivity.57,65,58,61,66,67,68  

Ikkala et al. observed a temperature-dependent change in proton conductivity in PS-block-

P4VP(MSA)1.0(PDP)1.0 (PS, polystyrene; P4VP, poly(4-vinly pyridine); MSA, methane sulfonic acid; PDP, 

pentadecylphenol), which they attributed to the order-disorder or order-to-order structural changes in PS-

block-P4VP(MSA)1.0(PDP)1.0 during the phase transition (Figure 1-10(a)).69 This study was published in 

1998, and since then researchers began to realize the effect of ordered structure on proton conductivity. 

In 2004, Picken et al. observed a lyotropic nematic phase in an aqueous solution of poly-(p-
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sulfophenylene-terephthalamide), unfortunately, they did not investigate the proton conductivity.70 This is 

the earliest report of sulfonated polymers as lyotropic liquid crystals. In 2009, Nagao et al. reported that 

the molecular orientation of oligo[(1,2-propanediamine)-alt-(oxalic acid)] thin film can be altered based on 

the interaction between the substrate and the material interface, and that proton conductivity can be 

improved (Figure 1-10(b)).71,72,73 In 2010, Park and Balsara observed in-plane and out-of-plane 

anisotropic proton conductivity in poly(styrenesulfonate-b-methylbutylene) copolymer films through 

pressing, electric-field, and shear-aligned methods (Figure 1-10(c)).74 In 2011, Rikukawa et al. observed 

anisotropic proton conductivity and swelling behavior in sulfonated poly(4-phenoxybenzoyl-1,4-

phenylene)s (s-PPBPs) and attributed them to lyotropic liquid crystallinity (Figure 1-10(d)).75 In 2015, 

Matsui et al. used poly(N-dodecylacrylamide-co-acrylic acid) to obtain thin films with well-defined lamellar 

structures and demonstrated a huge difference in proton conductivity between in-plane and out-of-plane 

directions (Figure 1-12(e)).76 The in-plane proton conductivity is as high as 5.1×10-2 S cm-1, which is 

excellent for materials using carboxylic acid as a proton source. Recently, porous materials such as 

porous coordination polymers (PCP), metal-organic frameworks (MOF) and covalent organic frameworks 

(COFs) have become a new platform for the development of proton-conducting materials due to their 

excellent crystallinity, good stability, and pre-designed structures.77 Li et al. achieved an intrinsic proton 

conductivity of 2.9 × 10-2 S cm-1 with an activation energy of only 0.17 eV by anchoring sulfonic acid 

groups on the inner wall of the COF.78 A growing number of similar studies have demonstrated that the 

organized structure will directly affect the way that protons transported within materials, which will 

contribute to the understanding of proton conduction mechanisms and the development of high-

performance proton-conducting materials. 
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Figure 1-10. (a) schematic diagram of the self-organized structures of PS-block-P4VP(MSA)1.0(PDP)1.0.69 

(b) substrate-dependence proton conductivity in oligo[(1,2-propanediamine)-alt-(oxalic acid)] thin film.73 

(c) 2D small angle X-ray scattering profiles and in-plane and normal-to-plane conductivity of as-cast and 

aligned samples.74 (d) chemical structure and optical polarization micrograph of S-PPBP in DMSO.75 (e) 

Schematic of multilayer film of poly(N-dodecylacrylamide-co-acrylic acid) by Langmuir–Blodgett method 

with highly anisotropic proton conduction.76 

1.6 Alkyl sulfonated polyimides (ASPIs) 

Many studies show that many main-chain-type sulfonated polyimides (SPIs) (Figure 1-11(a)) have 

the ability to exhibit high proton conductivity comparable to that of Nafion. In 2003,Watanabe et al. 

synthesized a fluorenyl group contained sulfonated polyimide with a proton conductivity as high as 1.67 

S cm-1 at 120 °C and 100% RH.79 One year later, the same research group again synthesized a sulfonated 

polyimide with trifluoromethyl groups, which achieved better oxidative stability and mechanical strength 

than the previous one, although the proton conductivity was reduced (0.2 S cm-1 at 30−140 °C).80 After 

that, Ando et al. first demonstrated the existence of ordered liquid crystal phases in fully aromatic and 

semi-aliphatic polyimides (PIs) molecules by grazing incidence wide-angle X-ray scattering.81 However, 

these main-chain-type SPIs are easily degraded under fuel cell operating conditions, resulting in a 

decrease in fuel cell performance.82 To solve this problem, attempts to introduce sulfonic acid groups into 

the side chains of SPIs instead of the main chains have achieved success. In 2004, Okamoto et al. 

synthesized two isomers of side-chain type SPIs with proton conductivity as high as 0.1 S cm-1 (at 50 °C 
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and 90% RH) and better water stability than main-chain type SPIs.83,84 Such side-chain-type SPIs (Figure 

1-11(b)), also known as Alkyl sulfonated polyimides (ASPIs), not only have good proton conductivity and 

stability but also easily obtain ultrathin films with self-assembled ordered structures due to their lyotropic 

liquid crystal property (as shown in Figure 1-4), making them an ideal candidate for ionomer material.  

 

Figure 1-11. Chemical structure of (a) main-chain-type ASPIs and (b) side-chain-type ASPIs 

In 2014, Krishnan et al. obtained proton conductivity as high as 0.26 S cm-1 (at 25 °C and 95% RH) 

in the direction parallel to the substrate surface in ASPI thin film, which is an order of magnitude higher 

than its bulk membrane. They attribute this to the formation of a lamellar ordered structure parallel to the 

substrate under humidified conditions and propose that the formation of this ordered structure is driven 

by lyotropic liquid crystal property (Figure 1-12(a)).85 They proposed such a mechanism based on the 

study by Wegner on the lyotropic liquid crystal property of polymers with rigid backbone structures.86 The 

highly hydrophilic and polar sulfonic acid groups in the side chain of ASPI provide it with sufficient solubility, 

and simultaneously, the main chain composed of aromatic rings makes the overall ASPI molecule appear 

rod-like and rigid. Further studies showed that molecular weight and molecular configuration have 

obvious effects on the structure of ASPI thin films. Both the studies by Krishnan et al. and Takakura et al. 

show that higher molecular weight in either fully aromatic or semi-aliphatic ASPIs will favor the formation 

of lamellar structures under humidified conditions, thereby improving proton transport in thin films (Figure 

1-12(b)).87,88 The work of Ando et al. demonstrated that fully aromatic PIs are more likely to form liquid 

crystal ordered domains while semi-aliphatic PIs can only form amorphous halos. This is due to that fully 

aromatic PIs have highly planar rod-like molecular structures whereas semi-aliphatic PIs have molecules 
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that are more curved and non-planar.81 The work of Ono et al. demonstrated that fully aromatic ASPIs 

with planar backbones are more capable of forming well-defined lamellar ordered structures than fully 

aromatic ASPIs with bent backbones (Figure 1-12(c)).89 

 

Figure 1-12. (a) schematic diagram of lamellar order structure in ASPI with high in-plane proton 

conductivity of 0.26 S cm-1 at 25 °C and 95% RH.85 (b) schematic diagram of molecular weight 

dependence of proton conductivity and molecular order.87 (c) schematic diagram of effect of main chain 

bending degree on the organized structure in ASPI thin films.89 

1.7 New application field for ASPIs 

As the interface between the surrounding environment and the human sensorium system, the human 

skin has an unparalleled ability to perceive changes in environmental stimuli and accurately distinguish 

between different stimuli.90 To mimic this ability of human skin, a large number of different types of 

electronic sensors with the ability to detect external stimuli have been developed. Among them, the 

development of pressure sensors is of great importance for a wide range of applications such as wearable 

healthcare systems, human-machine interface devices, etc.91,92 

There are generally several methods of converting pressure signals into electrical signals, the most 

well-known of which are piezoresistivity, capacitance, and piezoelectricity (Figure 1-13).93,94 

Piezoresistive sensors (Figure 1-13(a)), which work by converting the resistance change of a material 

into an electrical signal, have been widely studied due to their simple design and easy-to-read-out 

properties. When pressure is exerted on a piezoresistive sensor, its resistance change follows a power-
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law relationship with the pressure, R∝F1/2, ensuring high sensitivity and wide operating range of the 

piezoresistive sensors at low pressure.95 Capacitance (C), the charge storage capacity is usually 

described by C=εA/d, where ε is the dielectric constant, and A and d are the area and the distance 

between the two electrodes, respectively (Figure 1-13(b)). Changes in pressure will easily lead to 

changes in the d or contact A between the two electrodes, making the capacitance sensor highly 

sensitive.96 Piezoelectricity refers to the phenomenon that certain materials generate electric charges 

due to the occurrence of electrical dipole moments under pressure. Sensors fabricated based on this 

mechanism usually have high sensitivity and rapid response (Figure 1-13(c)).97,98,99  

 

 

 

Figure 1-13. Schematic diagram of (a) piezoresistivity, (b) capacitance, and (c)piezoelectricity 

transduction methods. 

Advanced flexible sensing materials should be able to respond to multiple stimuli, like human skin 

can sense not only pressure but also humidity, temperature and even pH.100,101 Although such functions 

can be achieved by integrating multiple single-function sensors on the same substrate, the development 

of new materials capable of sensing multiple stimuli simultaneously remains a major research direction. 

ASPIs are naturally sensitive to ambient temperature and humidity as an ionic (proton) conductor 

material. Moreover, ASPIs can form lamellar ordered structure driven lyotropic liquid crystalline property, 

when applied pressure perpendicular to the ASPI thin film plane, the lamellar distance will decrease 

accordingly, resulting in a change in proton conductivity. This makes them a kind of potential stimulus-

responsive material. 
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1.8 Research objectives 

Although our previous work demonstrated the promotion of protons in ionomer thin films by the 

lyotropic liquid crystal ordered structure, most of these works have focused on fully aromatic ASPIs. The 

effects of introducing aliphatic rings into the backbone of ASPIs on lyotropic liquid crystal properties and 

proton conductivity are still inadequate. At the same time, previous studies have also shown that the 

increased molecular weight is beneficial to the formation of lamella structure, furthermore lamella 

structure has not been observed in oligomers so far. Inspired by this, the author focused on ordered 

structure and proton conductive properties of sulfonated semi-alicyclic poly-/oligo-imide thin films in this 

thesis. The research objectives were summarized as follows: 

(1) To enhance the mechanical stability of semi-alicyclic polyimide thin film in water solvent, cross-linking 

is done through a Diels–Alder (D-A) reaction. The high proton conductivity is preserved because the 

sulfonic acid groups which act as proton transport carriers are retained and no non-ionically 

conductive moieties are introduced. 

(2) The relationship between ordered structure and proton conductivity was investigated by introducing 

a cyclopentane structure into the imide backbone. The cyclopentane structure, compared to the 

previous cyclohexane structure which enhances linear conformation of backbone confirmed by 

density functional theory (DFT) calculation, can be anticipated for the changes in the molecular 

structure and organization by the lyotropic LC property. 

(3) Explore the possibilities of ASPIs as potential pressure-sensitive materials. Qualitative and 

quantitative measurements were made of its basic properties. 

 

1.9 Outline of thesis 

In chapter 1, the general introduction of this thesis summarized the recent advancement of PEMFCs 

and emphasized the state-of-the-art ionomer thin films. 

In chapter 2, a cross-linked semi-alicyclic polyimide that can be stable in water was synthesized via 

D-A reaction. The effect of the cross-linked structure on the water uptake, proton conductivity and lyotropic 

LC properties of the thin films was investigated. 

In chapter 3, the relationship between ordered structure and proton conductivity was investigated in 



  19 

sulfonated semi-alicyclic oligoimide thin film. And the structural differences between fully aromatic ASPIs 

and semi-alicyclic poly-/oligo-imide are summarized and compared.  

In chapter 4, a system was established to measure the sensitivity of ASPIs to pressure. And 

investigated the change of the conductivities of ASPIs under pressure conditions. 

In chapter 5, the overall finding of this study was presented. The findings provide new insights for 

understanding the proton conductivity and lyotropic LC properties of semi-alicyclic poly-/oligo-imide thin 

films. Besides, a simple and easy-to-implement cross-linked structure resulting from the D-A reaction was 

demonstrated to improve mechanical stability of semi-alicyclic polyimide thin film in water while 

maintaining high proton conductivity. In addition, it is proved that ASPIs can be used as pressure-sensitive 

materials under certain humidity conditions. 
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Abstract 

Sulfonated semi-alicyclic polyimides suffer the challenge of not maintaining mechanical and chemical 

stability in water. Herein, we synthesized a new sulfonated semi-alicyclic polyimide composed of 

Bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic Dianhydride (BOEDA) and 3,3'-bis-(sulfopropoxy)-4,4'-

diaminobiphenyl (BSPA) which containing dienophile structure can undergo Diels–Alder (D-A) reaction. 

A facile cross-linking reaction was carried out via Fe3+-catalyzed D-A reaction between BSPA-BOEDA 

and silica nanoparticles modified by (3-cyclopentadienylpropyl) triethoxyslane (CPTS). Compared with 

BSPA-BOEDA, the cross-linked BSPA-BPEDA-NPs membrane and thin film showed better stability in 

water. Humidity-controlled grazing Incidence X-ray scattering (GIXRS) revealed that a phase separation 

was formed in both BSPA-BOEDA and BSPA-BPEDA-NPs thin films. The BSPA-BOEDA and BSPA-

BPEDA-NPs thin films exhibited a high conductivity of 4 × 10-2 S cm-1 and 1 × 10-2 S cm-1under 25 ℃ 

and 95% relative humidity (RH), respectively.  
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2.1 Introduction 

Based on the descriptions in the previous chapters, it can be known that the reason why fully 

aromatic and semi-alicyclic ASPIs can exhibit high proton conductivity comparable to that of Nafion is 

that fully aromatic and semi-alicyclic ASPIs can form well-defined lamellar-organized structures under 

humidified conditions.1,2,3,4,5,6 However, in the actual PEMFC operating environment, the ionomer thin film 

is always under high humidity conditions, even immersed in water, especially at the cathode where a 

large number of water molecules are generated, which requires the mechanical and chemical stability of 

the ionomer thin film in water.  

Nafion with a perfluoropolyethylene structure as the backbone exhibits excellent mechanical and 

chemical stability due to its super-strong hydrophobic backbone. However, the complex production 

process and high cost also limit its large-scale application.7,8 In contrast, ASPIs are simpler to produce, 

lower cost and more environmentally friendly due to no fluorine. However, since the hydrophobicity of the 

backbone is greatly reduced compared to that of Nafion, its stability in water is noteworthy, especially for 

semi-alicyclic ASPIs. 

The sulfonic acid groups on the side chains of ASPIs can easily adsorb water molecules through 

hydrogen bond interaction under high humidity conditions. This will result in excessive swelling or even 

dissolution, which will lead to a decrease in mechanical properties. ASPIs also exhibit high ion exchange 

capacity (IEC) values. In PEMFCs system, higher IEC value also affords the fragile and unfavorable film. 

To solve these problems, two kinds of strategies can be chosen. One is introducing hydrophobic 

segments into the backbone; another one is making cross-linking structures. For the first strategy, since 

some parts which cannot be used as a proton transport carrier are introduced, the reduction of ion 

exchange capacity may lead to a decrease in proton conductivity.9,10 Generally, cross-linking can inhibit 

the plasticization of polymers and enhance their chemical and mechanical stability.11,12,13  

There are several methods for cross-linking SPIs, such as thermal cross-linking, ultraviolet (UV) 

cross-linking and chemical cross-linking. But both the thermal cross-linking method and UV crosslinking 

method suffer from some inevitable flaws. For example, the reaction speed of UV cross-linking is slow, 

and the reaction mostly occurs on the surface, therefore the reaction inside the thin film is difficult.14 The 

thermal crosslinking is only suitable for SPIs containing alkynyl groups.15,16 In contrast, chemical cross-

linking methods are more widely used in studies related to SPI cross-linking. By introducing functional 
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groups that can be used for cross-linking in the main or side chains of SPI and selecting appropriate 

cross-linking agents, the effect of cross-linking on the properties of SPI can be systematically explored.  

There have been some reports of cross-linked SPI through the chemical cross-linking method. 

Okamoto et al. obtained membranes with significantly improved oxidative stability by covalently 

crosslinking SPIs containing benzimidazole groups in polyphosphoric acid.17 Guan et al. obtained SPI 

membranes with improved solvent resistance, oxidative stability and mechanical stability by introducing 

pendant tetrafluorostyrol groups in the side chains and thermally cross-linking at 260 °C.18 Han et al. 

investigated the effect of cross-linking on SPI membrane based on the reaction between acridine groups 

and dibromoalkanes with different lengths in detail. It was found that the hydrolytic stability of the SPI 

membranes decreased as the length of the alkyl group of the cross-linking agent increased but the 

hydrolytic stability of all cross-linked SPI films was better than that of the uncross-linked SPI 

membranes.19 Kim et al. reported cross-linked SPI membranes based on carboxylic acids and diols and 

investigated the effect of alkyl chain length of diols as cross-linking agents on membrane properties.20 

Yang et al. reported cross-linked SPI membranes based on maleic anhydride-terminated sulfonated 

polyimides with the hydrophilic cross-linking agent poly(ethylene glycol) diacrylate.21 Wang et al. reported 

a kind of cross-linked membrane based on highly branched SPI.22  Generally, these crosslinked 

membranes exhibit reduced water uptake and proton conductivity compared to uncross-linked 

membranes. This is also caused by the introduction of components in the SPI that cannot act as proton-

conducting carriers. 

The Diels–Alder (D-A) reaction, with its rich synthetic diversity, is recognized as one of the 

cornerstone reactions in modern organic chemistry. The D-A reaction is a [4 + 2] cycloaddition reaction 

that occurs between electron-rich dienes and electron-depleting dienophiles.23 The D-A reaction is also 

commonly used in cross-linking methods due to its advantages such as mild reaction conditions, no by-

products, reaction in water, etc.24 The D-A reaction can occur at room temperature, but the reaction rate 

may be slow. Fortunately, many Lewis acids can effectively accelerate the D-A reaction.25,26,27,28 If the 

designed SPI contains dienophiles that can undergo a D-A reaction, then cross-linking could be 

performed by D-A reaction. In this way, the introduction of non-ionically conductive components into the 

SPI. can be avoided. 

The objective of this chapter is to develop a new design for cross-linked ASPI by D-A reaction to 

improve its stability in solvents and mechanical properties without reducing the proton conductivity. 
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Simultaneously, explore the effect of cross-linking on the water uptake by in situ quartz crystal 

microbalance (QCM) and ordered structure by RH-controlled grazing-incidence small-angle X-ray 

scattering (GI-SAXS) of ionomer thin films. The results reveal that the cross-linking structure increased 

the stability of ionomer thin film in water and does not decrease the water uptake and proton conductivity 

significantly. The cross-linked thin film still exhibits comparable proton conductivity to the reported 

materials. 

2.2 Experimental section 

2.2.1. Materials 

3,3'-Bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) was synthesized according to previous 

reports.3,29 Triethylamine (TEA) was used as received from Kanto Chemical Co. Inc., Japan. Hydrochloric 

acid, m-cresol, acetic acid, acetic anhydride, methanol, and acetone were obtained from Fujifilm Wako 

Pure Chemical Corp., Japan. 1,2,3,4-Cyclopentanetetracarboxylic dianhydride was purchased from 

Tokyo Chemical Industry Co. Ltd., Japan. 

2.2.2 Synthetic route of 3,3'-bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) 

The synthetic route of 3,3'-bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) is shown in Scheme 2-1. 

The detailed steps are described as follows 

 

Step 1: Protection of amine groups 

3,3'-dihydroxybenzidine (Tokyo Chemical Industry Co., Ltd.) 5 g, Acetic anhydride (Fujifilm Wako 

Pure Chemical Corporation) 79 ml, acetic acid (Wako) 1.5 ml, water (18 MΩ cm-1) 200 ml were added 

into the Erlenmeyer flask and stirring at 70–80 C for 2 h. After cooling to room temperature, the mixture 

was further cooled down by the ice bath. The solid product was separated from the mixture by centrifuge 

5804 (Eppendorf) and washed several times with acetone. The calculated yield was 97% after the product 

had dried overnight in a vacuum. 

 

Step 2: Introduction of sulfonated side chains 

The acetylated 3,3'-dihydroxybenzidine, 1,3-Propanesulton (Tokyo Chemical Industry Co., Ltd.) and 

sodium hydroxide (Fujifilm Wako Pure Chemical Corporation) was added into a three-necked flask 
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equipped with a molar ratio of 1: 3: 3, respectively. 150 ml methanol was added into the flask to dissolve 

all the chemicals. Under the protection of argon atmosphere, the reaction was refluxed at 80 C for 6 

hours. The solution was black at the beginning of the reaction and turned yellowish-brown after about 1.5 

h. After sufficient cooling in ice bath, the solid product was separated from the mixture by centrifuging, 

and the product was washed several times with methanol and acetone. The dried product was weighed 

after being vacuum dried overnight, and the yield was 50.3%. Based on NMR results, the sulfonation rate 

was calculated as 95%. 

 

Step 3: Ion exchange 

The solid product obtained in the previous step was dissolved in water (18 MΩ cm-1). The aqueous 

solution flowed through a glass column filled with ion exchange resin Amberlyst 31WET (Organo) slowly. 

This process was repeated 5 times to exchange sodium ions into hydrogen ions as much as possible. 

Then the water was removed by rotary evaporator (Yamato Science). 

 

Step 4: Removal of protective groups 

The ion-exchanged product was dissolved in 100 ml of hydrochloric acid (Fujifilm Wako Pure 

Chemical Corporation). In a three-necked flask with a magnetic stirrer, the solution was refluxed at 120 

C for 2 hours under the protection of argon atmosphere. After that, the condenser tube was removed, 

and the temperature was raised to 150 C for dry distillation. The evaporated hydrochloric acid was 

absorbed with a sodium hydroxide solution prepared in advance. The obtained product was washed with 

2-propanol and acetone and then sufficiently dried to obtain a final product BSPA. The final yield was 47% 

 

Scheme 2-1. Scheme for synthesizing BSPA 
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2.2.3 Synthetic route of BSPA-BOEDA 

The synthetic route of BSPA-BOEDA is shown in Scheme 2-2. BSPA 0.46 g (1 mmol) and BOEDA 

0.25 g (1 mmol) were added into a three-necked flask with magnetic stirring. 10 ml m-cresol (Fujifilm 

Wako Pure Chemical Corporation) was added to the three-necked flask as a solvent. Then filled with 600 

µl triethylamine (Kanto Chemical Co. Inc) . Under the protection of argon atmosphere, the reaction was 

first performed at 80 C for 2 h. Then, the temperature was raised to 180 C and the reaction was 

continued for 20 h. After the reaction, the resulting solution was cooled to room temperature, and further 

cooled in ice bath for 30 minutes. The cooled solution was added to 100 ml of cold fresh acetone to obtain 

a white flocculent precipitate. The solid product was obtained by centrifugation and washed several times 

with acetone, then dried under vacuum overnight. The dried product was then dissolved in water, and ion 

exchange was carried out using a glass column packed with ion exchange resin Amberlyst 31WET 

(Organo). This process was repeated several times to ensure that sulfonate was exchanged to sulfonic 

acid as much as possible. The solvent was removed by rotary evaporation and the final product BSPA-

BOEDA was obtained after completely drying. 

 

Scheme 2-2. Scheme for synthesizing BSPA-BOEDA. 

2.2.4 Characterization 

2.2.4.1 Nuclear magnetic resonance (NMR) 

The 1H nuclear magnetic resonance (NMR, Bruker Avance III (400 MHz) spectrometer; Bruker 

Analytik GmbH) spectra was used to determine whether the monomer and polymer were successfully 

synthesized. Approximately 3 mg of monomer or oligomer was dissolved in a 600 µl dimethyl sulfoxide 

(DMSO) solution containing 0.03% of trimethylsilane (TMS) for NMR determination. After the 

measurement, software 1D NMR was used to integrate the results. 

2.2.4.2 Infrared (IR) spectroscopy 

The Fourier Transform Infrared Spectroscopy of monomer and oligomer was measured by 
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Attenuated Total Reflection (FT-IR ATR). The used device was Nicolet 6700 (Thermo Fisher Scientific 

Inc.) and the analysis software used was OMNIC (Thermo Fisher Scientific Inc.). The sample powder is 

evenly coated on the prism and compacted with equipment to make the sample fully contact the prism, 

following the sample was measured. The background spectrum and the sample spectrum were scanned 

64 times to obtain the correct spectral image. The obtained spectrum was corrected by using Advanced 

ATR Correction. The measurement range was 400-4000 cm-1. 

2.2.4.3 Gel permeation chromatography (GPC) 

The molecular weight of BSPA-BOEDA was measured by gel permeation chromatography (GPC), 

and the equipment used was LC-2000plus (JASCO). The mobile phase solution was obtained by mixing 

10.26 g of NaNO3 (Kanto Chemical Co. Inc), 600 ml of water, 400 ml of N, N’-dimethylformamide (DMF) 

(Fujifilm Wako Pure Chemical Corporation) and 18 mL of acetic acid. The preparation method of the 

measurement solution containing BSPA-CPDA is described as follows: 

0.03 wt% of BSPA-BOEDA was added to 3ml of the mobile phase solution and stir it thoroughly to 

dissolve it. The solution containing BSPA-BOEDA was filtered by a syringe with a filter, then transfer the 

filtered solution to a screw cap bottle with a silicone cap. 50 µl of the prepared solution was injected into 

the device by microsampler. The molecular weight of the sample was calculated by comparing it with a 

standard curve drawn with standard materials in advance. The method of making the standard curve is 

as follows. Several polystyrenes with exact molecular weight (Mw = 759,000, 580,000, 290,000, 101,000, 

23,600) were dissolved in mobile solution to prepare a standard solution. GPC measurement was 

performed on the standard solution, and the obtained results were fitted into a standard curve. 

2.2.4.4 Scanning electron microscope and energy dispersive X-ray spectroscopy 

(SEM-EDX) 

Scanning electron microscopy and Energy dispersive X-ray spectroscopy (SEM-EDX) were carried 

out using a TM3030Plus miniscope (Hitachi). The accelerating voltage was 15 kV. 

2.2.5 Membrane preparation 

The silica nanoparticles modified by (3-cyclopentadienylpropyl) triethoxyslane (CPTS) was received 

from Nagoya university. Cyclopenta-1,3-diene and its substitutes are commonly used dienes in Diels–

Alder (D-A) reaction. 90 mg of BSPA-BOEDA and 10 mg of nanoparticles (NPs) were dissolved in 2 ml 
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mixed solution of water and THF (1:1 w/w). When the polymer and NPs were completely dissolved, add 

ferric chloride (FeCl3·6H2O) and continue stirring until completely dissolved. Then, the solution was 

transferred into a mold and heated at 50 °C to dry until the solvent was completely evaporated. The 

synthetic route is shown in Scheme 2-3. 

 

Scheme 2-3. Preparation scheme of cross-link BSPA-BOEDA-NPs. 

2.2.6 Thin film preparation 

2.2.6.1 Preparation of BSPA-BOEDA thin film 

The spin coating (ACT-200 spin-coater; Active Co. Ltd.) method was used to prepare thin films. 

BSPA-BOEDA was dissolved in the 1: 1 (w / w) of water and Tetrahydrofuran (THF) (Fujifilm Wako Pure 

Chemical Corporation). The thickness of thin films was controlled at about 500 nm. The Si, SiO2 

substrates (E&M Co. Ltd.) and SiO2-coated 9 MHz quartz crystals (Seiko EG&G Co. Ltd.)  were washed 

with 2-propanol in advance. Before thin film deposition, plasma treatment (Cute-MP; Femto Science, 

Korea) was carried out to improve the hydrophilic properties of the substrate surface. 

2.2.6.2 Preparation of BSPA-BOEDA-NPs thin film 

To obtain thin films with good surface roughness, the NPs was first dissolved in 300 l mixed solution 

of water and THF (3:4 w/w) and flowed through a filter film with a pore size of 1 m to remove large 

aggregates. 9 mg of BSPA-BOEDA was added into the filtered solution and sonicated until completely 

dissolved. Then the solution was cooled in an ice-water bath for 30 min before the addition of FeCl3·6H2O 

(1 mg). The spin coating method was used to prepare thin film and the thickness was controlled at about 

500 nm. The prepared thin films were immersed into 100 ml 1 M hydrochloric acid (HCl) to remove Fe3+ 

and then vacuum dried at 60 °C overnight. 
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2.2.7 Water uptake 

The water uptake was measured with the humidity-controlled in situ quartz crystal microbalance (in-

situ QCM) system. The diagram of the QCM substrate used in the measurement is shown in Figure 2-1. 

The schematic diagram of the measuring device is shown in Figure 2-2. Various relative humidity (RH) 

was generated by humidity generator Bel Flow (MicrotracBEL Corp.) by mixing dry N2 gas and steam. 

The QCM substrate was placed in a homemade humidity control chamber equipped with a high-resolution 

RH sensor and was connected to the oscillation circuit and the frequency counter 5313A (Agilent 

Technologies) through a circuit. The weight change of the film can be calculated by using the Sauerbrey 

equation. 

Δ𝑚 =
𝑆×√𝜌𝜇

2×𝐹2 × (−Δ𝐹)                                                                  (2-1) 

where S is the electrode surface area. ρ, and μ stand for the quartz density and quartz shear modulus, 

respectively. F is for the fundamental frequency of QCM substrate. The number of water molecules 

adsorbed per sulfonic acid group (water uptake / λ) was calculated by the following formula as shown 

below, 

𝜆 = (
𝑚

𝑚0
− 1) ×

𝐸𝑊

𝑀𝐻2𝑂
                                                                    (2-2) 

where m represents the mass of the film under each humidity, m0 represents the mass of the film at the 

dry condition, M (H2O) is the molecular weight of water molecules, and EW expresses the equivalent 

weight of each sulfonic acid group 

 

Figure 2-1. Schematic illustration of the quartz crystal microbalance devices.
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Figure 2-2. Schematic illustration of in-situ QCM measurement. 

2.2.8 In situ FTIR 

The dissociation state of the sulfonic acid group was investigated by RH controlled in situ FTIR 

measurements. The schematic diagram of the measuring system is shown in Figure 2-3. The thin film 

sample made on silicon wafers was placed in homemade chambers. In the humidity-controlled cell, CaF2 

windows were employed. An FTIR spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped 

with a deuterium triglycine sulfate (DTGS) detector was used for transmission in situ FTIR measurements. 

The RH change was controlled within the range of 0-95% through a humidity generator (me-40DP-2PW; 

Microequipment). When only nitrogen gas was flowing, the RH was defined as 0%.  
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Figure 2-3. Schematic illustration of in-situ FT-IR measurement under humidity control. 

2.2.9 Grazing incidence X-ray scattering (GIXRS) 

RH in situ GIXRS was measured by an FR-E X-ray diffractometer equipped with R-AXIS IV two-

dimensional (2D) detector (FR-E; Rigaku Corp.). The schematic diagram of the measuring system is 

shown in Figure 2-4. The thin film sample was placed in a humidity-controlled cell with X-ray transparent 

polyester film (Lumirror) windows. The humidity in the cell was controlled using the humidity generator 

me-40DP series. X-rays with a wavelength of 0.1542 nm were generated through Cu Kα radiation and 

have a beam size of approximately 300 μm. The camera length was 300 mm, and the incidence angle 

was set in the range of 0.20°-0.22°. 

 

Figure 2-4. Schematic illustration of in-situ GISAXS measurement. 

2.2.10 Molecular structure simulation 

The optimized molecular structures were calculated by Material Studio 2020. The calculations were 
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done based on DFT using a DMol3 module. The generalized gradient approximation (GGA) functional 

with the Perdew-Burke-Ernzerhof (PBE) type was used to model the exchange and correlation 

interactions. Convergence threshold for the maximum force and maximum displacement for normal 

geometry optimization were set, respectively, to 0.002 Ha Å-1 and 0.005 Å. 

2.2.11 Proton conductivity 

The proton conductivity of the BSPA-BOEDA and BSPA-BOEDA-NPs thin films in the direction 

parallel to a substrate surface was measured by alternating current (AC) electrochemical impedance 

spectroscopy (EIS). The schematic diagram of the measuring system is shown in Figure 2-5. The 

frequency response analyzer and high-frequency dielectric interface (SI1260 and SI1296; Solartron 

Analytical) were used to measure the impedance. A humidity- and temperature-controlled chamber (SH-

221; Espec Corp.) was used to control the humidity and temperature during the experiment. The 

impedance was measured when an AC voltage of 50 mV was applied, and the frequency was scanned 

in the range of 1 Hz to 10 MHz. The RH was controlled between 40% and 95%, and the temperature was 

stable at 298 K. The collected impedance values (R) were converted to the conductivity of thin film directly 

by the following equation, 

𝜎 =
𝑑

𝑅𝑙𝑡
                                                                                (2-3) 

where t and l stand for the film thickness and contact electrode length, respectively. d represents the 

distance between the two gold electrodes. 
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Figure 2-5. Schematic illustration of AC impedance method. 

2.3 Results and discussions 

2.3.1 Characterizations 

2.3.1.1 1H nuclear magnetic resonance (1H NMR) 

The structure and 1H NMR results of the BSPA-BOEDA are shown in Figure 2-6. The peaks from the 

possible by-product amide or carboxyl group were not observed, which proved that the imidization 

reaction was complete. Integration of proton peaks in 1H NMR spectra was in good agreement with the 

number of protons in both the backbone and side chain of BSPA-BOEDA structure. Before ion exchange, 

the prepared polymer exhibits the TEA trace (red arrow), which is also dominant in the spectrum. After 

ion exchange, the TEA amount reduced considerably, which is less than 1% compared to before ion 

exchange. 
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Figure 2-6. 1H NMR (DMSO-d6) spectra for each BSPA-BOEDA. 

2.3.1.2 FT-IR ATR study 

FTIR-ATR spectra of BSPA and BSPA-BOEDA are shown in Figure 2-8. The absorption peaks of 

νsym (C=O) 、νasym (C=O) and ν (C-N) which stand for imide were observed at 1776 cm-1,1710 cm-1 and 

1382 cm-1, respectively.30,31,32,33 Since δ (N-H) observed at 1629 cm-1 of BSPA was not observed in BSPA-

BOEDA, indicating that the imidization reaction was completed. In addition, since δ (C-N-H) (1530 cm-1) 

of amic acid, which is an intermediate of imidization reaction, was not observed, it also indicated that 

imidization reaction was completed52. Absorption peaks at 1502 cm-1 and 1573 cm-1 caused by vibration 

of the phenylenediamine benzene ring skeleton ν(C-C) were observed.34,35 Asymmetric stretching 

vibration peaks and symmetric stretching vibration peaks of the sulfonic acid group were observed at 

1230 cm-1 and 1189 cm-1, respectively.36 Asymmetric stretching vibration peaks of sulfonic acid groups 

after proton ionization were observed at 1031 cm-1.37 

As a result of the FT-IR ATR measurement, it was found that imidization proceeded sufficiently since 

the typical peak of amide, amide δ (N-H) and amic acid δ (C-N-H) were not observed. Also, no by-product 
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or unreacted product peaks were observed. 

 

Figure 2-7. FTIR ATR spectra for 3,3'-BSPA and BSPA-BOEDA. 

2.3.1.3 GPC study 

The molecular weight of the polymer was confirmed by GPC and Figure 2-8 shows the GPC 

chromatogram. The calculation results of molecular weight were shown in Table 3-1. As a result of 

calculation using a calibration curve, the weight average molecular weight (Mw) of BSPA-BOEDA was 

75000. Since no other prominent peaks were observed, the polymer was considered to have sufficiently 

polymerized. 
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Figure 2-8.GPC spectra for BSPA-BOEDA. 

 

Table 2-1. Molecular weight of BSPA-BOEDA. 

2.3.2 Fabrication of cross-linked BSPA-BOEDA-NPs membrane and thin film 

2.3.2.1 Membrane fabrication 

To demonstrate that the D-A reaction can take place between BSPA-BOEDA and CPTS modified 

NPs, an attempt was first made to fabricate membranes of BSPA-BOEDA and BSPA-BOEDA-NPs. The 

solubilities of the resulting membranes were compared by immersing them in deionized water and the 

result was shown in Figure 2-9. The BSPA-BOEDA membrane dissolved quickly in water even without 

stirring. However, the cross-linked BSPA-BOEDA-NPs membrane was hard to dissolve in water. The 

obvious change in solubility proves the success of the D-A reaction. 

 Baseline range Mw Mn Mw/ Mn 

BSPA-BOEDA 23.03 - 35.25 74747 24669 3.03 
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Figure 2-9. Solubility of BSPA-BOEDA membrane and BSPA-BOEDA-NPs membrane. 

2.3.2.2 Thin film fabrication 

The BSPA-BOEDA-NPs thin films with a thickness of ~500 nm were fabricated by spin coating 

method. The D-A reaction catalyzed by FeCl3 can occur rapidly even at room temperature.27,28,38 

Therefore, to obtain thin films with good surface roughness, the solution was cooled in an ice-water bath 

for 30 min before adding FeCl3·6H2O. Since Fe3+ ions can affect the measurement of proton conductivity, 

it must be removed completely by washing the thin film with 1 M HCl (aq). To confirm Fe3+ was completely 

removed, SEM-EDX was used, and the result is shown in Figure 2-10. Before washing by HCl the Fe3+ 

existed in thin film, while after washing Fe3+ was completely removed. Moreover, the BSPA-BOEDA-NPs 

thin films even cannot dissolve in 1 M HCl (aq) also proving that the D-A reaction occurred between 

BSPA-BOEDA and NPs. 
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Figure 2-10. EDX results of BSPA-BOEDA-NPs thin film before and after washing by 1 M HCl. 

2.3.3 Water uptake 

Because water works as a carrier to facilitate the transport of protons in thin films, water uptake has 

a significant impact on the conductivity of proton exchange membranes. Figure 2-11 shows the RH-

dependent water uptake of BSPA-BOEDA and BSPA-BOEDA-NPs thin film. The adsorption isotherm of 

water molecules showed a similar tendency to the adsorption isotherm of non-porous multimolecular 

adsorption. This was considered to be a change in the type of adsorbed water around the sulfonic acid 

groups.35,36 The adsorption behaviors of BSPA-BOEDA and BSPA-BOEDA-NPs thin films with respect to 

RH were similar. The water uptake value gradually increased with increasing RH. It can be seen that the 

water uptake value of two thin films was the same under low humidity, but BSPA-BOEDA thin film showed 

a higher water uptake value (λ = 13.8) than BSPA-BOEDA-NPs (λ = 10.5) at 95% RH. 
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Figure 2-11. Water uptake of BSPA-BOEDA and BSPA-BOEDA-NPs thin films. 

2.3.4 In situ FTIR 

In order to evaluate the dissociation behavior of sulfonic acid protons, the RH-controlled in situ FTIR 

measurements were performed on BSAP-BOEDA and BSPA-BOEDA-NPs thin films. The spectra of 

BSPA-BOEDA and BSPA-BPEDA-NPs thin films under humidification are shown in Figure 2-12. The 

broad absorption band around 3420 cm-1 is attributed to the OH stretching vibration mode of water 

molecules under humidification.37,38 The absorbance of this band increased with increasing the RH, 

indicating that water molecules were adsorbed on the thin film under humidified conditions. Specifically, 

at 0% RH the absorption band of water molecules could not be observed, meanwhile, the band observed 

at 925 cm-1 could be attributed to the stretching vibration mode of the S-O bond in protonated sulfonic 

acid group. This band at was completely disappeared with increasing RH. 
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Figure 2-12. RH-dependent FTIR spectra of (a) BSPA-BOEDA thin film and (b) BSPA-BOEDA-NPs thin 

film in the range of 4000-700 cm-1. 

Subsequently, the molecular states of the sulfonic acid group of BSPA-BOEDA and BSPA-BOEDA-

NPs thin films were analyzed. As shown in Figure 2-13, the absorption band attributed to the O=S=O 

symmetric stretching vibration (νs (S=O)) of deprotonated sulfonic acid was observed at 1030-1040 cm-1. 

We note that some sulfonic acid groups are deprotonated under the 0% RH. The peak area of νs (S=O) 
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under different RH conditions was recorded as Sx(SO3
-), and the peak area of νs (S=O) at 0% RH was 

recorded as S0(SO3
-). The proton dissociation (PD / %) rate of the sulfonic acid group under each humidity 

condition is defined by the following equation: 

𝑃𝐷(%) =
(𝑆𝑥(𝑆𝑂3

−)−𝑆0(𝑆𝑂3
−))

(𝑆95(𝑆𝑂3
−)−𝑆0(𝑆𝑂3

−))
× 100%                                                     (2-4) 
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Figure 2-13. RH-dependent FTIR spectra of (a) BSPA-BOEDA and (b)BSPA-BOEDA-NPs thin films in 

the range of 4000-800 cm-1. 

The obtained PD values are plotted as a function of RH and the results are shown in Figure 2-14. 

The PD values of BSPA-BOEDA and BSPA-BOEDA-NPs thin films showed different increasing trends. 

The change in PD value of BSPA-BOEDA showed a non-linear trend similar to that of BSPA-CPDA in the 
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previous chapter. Below 60% RH, the PD value of BSPA-BOEDA increased to 70% rapidly, after that PD 

value slowly increases to 100%. On the other hand, the change in PD value of BSPA-BOEDA-NPs 

showed a linear change trend, indicating that even a small amount of cross-linked structure can lead to 

the change of sulfonic acid dissociation rate. Especially when the humidity is less than 60% RH, the PD 

value of BSPA-BOEDA-NPs is significantly lower than that of BSPA-BOEDA, indicating the sulfonic acid 

in BSPA-BOEDA-NPs becomes more difficult to dissociate due to the existence of the cross-linked 

structure even if the water uptake value is the same. 
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Figure 2-14. RH-dependent rate of proton dissociation of (a) BSPA-BOEDA and (b) BSPA-BOEDA-NPs 

thin films. 

2.3.5 In situ GIXRS 

GIXRS is a powerful tool for detecting molecular packings and molecular orderings in molecular 

organized thin films.39,40 RH-dependent in situ GIXRS measurements on the BSPA-BOEDA and BSPA-

BOEDA-NPs thin films were carried out to examine the effect of the semi-alicyclic main chain on the 

lyotropic ordered structure. The 2D scattering images are shown in Figures 3-15(a-d) and 1D GIXRS 

profiles in the in-plane and out-of-plane directions are shown in Figures 3-15(e, f). One broad scattering 

peak in both out-of-plane and in-plane directions was observed in both BSPA-BOEDA and BSPA-BOEDA-

NPs thin films, indicating that the phase separation was formed. According to our previous reports, ASPIs 
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can form lamellar structures due to lyotropic LC property.2,6,41 However, in this study, BSPA-BOEDA and 

BSPA-BOEDA-NPs thin films only formed a phase separation structure but not a long-range ordered 

lamellar structure.  

 

  

Figure 2-15. 1D GISAXS results of BSPA-BOEDA (a and b) and BSPA-BOEDA-NPs (f and g) thin films; 

2D GISAXS results of BSPA-BOEDA (d and e) and BSPA-BOEDA-NPs (h and i) under 95% RH condition. 

To understand the reason for only observing phase separation structure in BSPA-BOEDA and BSPA-

BOEDA-NPs thin films, we tried to investigate the structural model. Figure 5 depicts the optimized 

oligomeric structures of 5 repeating units for BSPA-BOEDA and BSPA-CPDA by DFT calculation. The 

main chain of BSPA-BOEDA units showed lower rigidity. Therefore, BSPA-BOEDA and BSPA-BOEDA-

NPs thin films with less rigid backbone only exhibit a phase separation structure but not long-range 

ordered lamellar due to weak lyotropic LC property. 
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Figure 2-16. Optimized structures of 5 repeating units of BSPA-BOEDA and BSPA-CPDA. 

2.3.6 Proton conductivity 

The proton conductivity for the BSPA-BOEDA and BSPA-BOEDA-NPs thin film is shown in Figure 2-

17a as a function of humidity at 298 K. The proton conductivity increased with increasing RH, which could 

be observed in typical proton-conducting polymers. The BSPA-BOEDA thin film exhibits a higher proton 

conductivity than BSPA-BOEDA-NPs thin film at all humidity conditions. The maximum proton 

conductivity reached 0.04 and 0.01 S cm-1 at 95% RH for BSPA-BOEDA and BSPA-BOEDA-NPs thin 

films, respectively. Compared with previously reported ASPIs, the proton conductivities of BSPA-BOEDA 

and BSPA-BOEDA-NPs are significantly lower. This is because BSPA-BOEDA and BSPA-BOEDA-NPs 

only form a phase separation structure but not form a lamellar structure, which cannot effectively promote 

proton transport. Even though the proton conductivity of BSPA-BOEDA-NPs thin film is lower than the 

reported ASPIs, it is still high compared to other cross-linked proton-conducting material membranes 

(Table 3-2). 19,20,21,22,42,43,44,45,46, 47,48,49 
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Figure 2-17. Proton conductivity of BSPA-BOEDA and BSPA-BOEDA-NPs thin films. 
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Table 2-2. Comparison of proton conductivity of BSPA-BOEDA-NPs thin film with reported materials. 

Material Form 
T  

/ ℃ 

RH 

 / % 

σ  

/ S cm-1 

BSPA-BOEDA-NPs 

(This work) 

Thin film  

(～500 nm) 
25 95 0.01 

Ref.19 Spin coating 90 100 0.07 

Ref.20 
Membrane 

(～30 μm) 
30 90 0.093 

Ref.21 
Membrane 

(～40 μm) 
80 100 0.11 

Ref.22 
Membrane 

(～50 μm) 
80 100 0.11 

Ref.42 
Membrane 

(～50 μm) 
90 90 0.1 

Ref.43 
Membrane 

(40-60 μm) 
40 100 0.0014 

Ref.44 
Membrane 

(20-60 μm) 
60 100 0.16 

Ref.45 
Membrane 

(～30 μm) 
120 100 0.2 

Ref.46 Membrane 80 90 0.15 

Ref.47 
Membrane 

(35-45 μm) 
60 100 0.14 

Ref.48 Membrane 30 95 0.061 

Ref.49 Membrane 60 100 0.17 

 

 

2.4 Conclusion 

In this chapter, a semi-cycloaliphatic sulfonated polyimide (BSPA-BOEDA) containing a dienophile 

in its backbone was newly synthesized. A simple and readily available cross-linked thin film (BSPA-

BPEDA-NPs) was obtained through the Fe3+-catalyzed D-A reaction. The stability in water, water uptake, 

degree of sulfonic acid dissociation, morphology and proton conductivity were investigated for both BSPA-

BOEDA and BSPA-BPEDA-NPs thin films. Compared with BSPA-BOEDA, the cross-linked BSPA-

BPEDA-NPs membrane and thin film showed better stability in water. The water uptake of the two thin 

films was similar under low humidity conditions, but the water uptake of BSPA-BPEDA-NPs thin film was 
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less than that of BSPA-BOEDA under high humidity conditions. The sulfonic acid group dissociation of 

BSPA-BOEDA showed a non-linear increasing trend as a function of humidity, while BSPA-BPEDA-NPs 

showed a linearly increasing trend. And the sulfonic acid dissociation degree of BSPA-BPEDA-NPs is 

significantly smaller than that of BSPA-BOEDA at low humidity even though their water uptake is similar. 

The proton conductivity of BSPA-BPEDA-NPs thin film is lower than that of BSPA-BOEDA thin film due 

to the cross-linking, reaching maxima value of 0.01 and 0.04 S cm-1 at 25 °C and 95% RH, respectively. 

GIXRS results indicate that neither BSPA-BOEDA nor BSPA-BPEDA-NPs can form well-defined ordered 

structures but only form phase separation structure due to nonlinear molecular conformations confirmed 

by DFT calculation. This nonlinear molecular conformation reduces the lyotropic LC property, which is the 

intrinsic reason for its inability to form an ordered structure. 
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Abstract 

Fully aromatic sulfonated polyimides with rigid backbone can form lamellar structure under 

humidified conditions, which is facilitated to the transmission of protons in ionomers. Herein, we 

synthesized a new sulfonated semi-alicyclic oligoimide composed of 1,2,3,4-cyclopentanetetracarboxylic 

dianhydride (CPDA) and 3,3'-bis¬(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) to investigate the influence 

of molecular organized structure and proton conductivity with lower molecular weight than before. The 

weight average molecular weight (Mw) determined by gel permeation chromatography (GPC) was 9300. 

Humidity controlled Grazing Incidence Small-Angle X-ray Scattering (GIXRS) revealed that one scattering 

was observed in the out-of-plane direction and scattering position shifted to lower angle as the humidity 

increased. A loosely packed lamellar structure was formed by a lyotropic liquid crystalline property. 

Although the ch-pack aggregation of the present oligomer reduced by the substitution to the semi-alicyclic 

CPDA from the aromatic backbone, we observed the formation of a distinct organized structure in the 

oligomeric form because of the relatively rigid backbone. This is the first-time observation of the lamellar 

structure in such low molecular weight oligoimide thin film. The thin film exhibited a high conductivity of 

2.1 × 10-1 S cm-1 under 25 ℃ and 95% relative humidity (RH). This value was the highest conductivity 

compared to the other reported sulfonated polyimide thin films with comparable molecular weight. 
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3.1 Introduction 

Since the great success of perfluorosulfonic acid polymer Nafion designed by DuPont in fuel cell 

applications, the design of proton-conducting polymers has mostly been based on the phase separation 

between hydrophilic and hydrophobic components. However, these materials usually do not possess 

well-defined long-range ordered structures, which makes it difficult to deeply discuss the relationship 

between structure and proton conductivity.1,2,3,4,5,6 7 After decades of research, designing polymers with 

efficient proton transport channels based on well-defined phase segregation is a basic principle for 

development of high-performance proton-conducting materials.5,6,7,8  

Ikkala et al. firstly observed a temperature-dependent change in proton conductivity during the order-

disorder or order-to-order structural changes in copolymers.9 Kato et al. reported the pioneering work on 

the anisotropy of proton conductivity in thermotropic liquid crystal (LC) materials and demonstrated that 

higher proton conductivity can be obtained in channels formed by the liquid crystal.10,11,12  Rikukawa et 

al. observed anisotropic proton conductivity and swelling behavior in sulfonated poly(4-phenoxybenzoyl-

1,4-phenylene)s (s-PPBPs) and proposed that this is due to the formation of liquid crystal phase by s-

PPBPs in DMSO solution.13 Matsui et al. used poly (N-dodecylacrylamide-co-acrylic acid) to obtain thin 

films with well-defined lamellar structures and demonstrated a huge difference in proton conductivity 

between in-plane and out-of-plane directions.14 

Recently, alkyl-sulfonated polyimides (ASPIs) have attracted attention again, not only because of 

their good mechanical properties and proton conductivity, but also because of their ability to form an 

ordered structure under humidified conditions. Ando et al. first demonstrated the existence of ordered 

liquid crystal phases in fully aromatic and semi-aliphatic polyimides (PIs) molecules by grazing incidence 

wide-angle X-ray scattering.15 Krishnan et al. obtained proton conductivity as high as 0.26 S cm-1 (at 

25 °C and 95% RH) in the direction parallel to the substrate surface in ASPI thin film, which is an order 

of magnitude higher than its bulk membrane.16 They attribute this to the formation of a lamellar ordered 

structure parallel to the substrate under humidified conditions and propose that the formation of this 

ordered structure is driven by lyotropic LC property. The molecules with both rigid backbones and highly 

soluble side chains such as ASPIs exhibit the lyotropic liquid crystalline (LC) properties in solutions due 

to excluded volume effects.17 These findings have brought a new perspective to investigate the 

relationship between structure and proton transport.18,19,20,21,22,23,24,25,26,27,28,29 
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Our previous studies have shown that the enhancement of molecular order in ASPIs can improve 

proton conductivity effectively.16,30,31,32,33,34 These efforts have focused on the study of fully aromatic 

sulfonated polyimides, but studies on the effects of introducing aliphatic ring structures into polyimide 

backbones to the molecular order and proton conductivity are still inadequate. Ono et al. demonstrated 

that the increased backbone rigidity facilitates the formation of organized lamellar structures in ASPI thin 

films.35 Therefore, the introduction of an aliphatic ring to the ASPI’s backbone is regarded as reducing the 

backbone rigidity and inhibiting the formation of ordered structures. Both Krishnan et al. and Takakura et 

al. have proved that ASPIs with higher molecular weights enhance a degree of molecular ordering to form 

well-organized structures.31,36 In the case of lower molecular weight ASPIs, especially with alicyclic 

structures, only weak lamellar structures can be observed. 

In this study, the relationship between ordered structure and proton conductivity was investigated by 

introducing a cyclopentane structure into the imide backbone. The cyclopentane structure, compared to 

the previous cyclohexane structure which enhances linear conformation of backbone confirmed by 

density functional theory (DFT) calculation, can be anticipated for the changes in the molecular structure 

and organization by the lyotropic LC property. Grazing-incidence X-ray scattering (GIXRS) technique has 

been proven to be suitable for structural studies.34 Therefore, we used relative humidity (RH)-controlled 

GIXRS to investigate the nanostructure of alkyl-sulfonated semi-alicyclic oligoimide thin films composed 

of 1,2,3,4-cyclopentanetetracarboxylic dianhydride (CPDA) and 3,3'-bis(sulfopropoxy)-4,4'-

diaminobiphenyl (BSPA). The dissociation state of the proton from sulfonic acid groups and proton 

conductivity at different humidity were also investigated using RH in situ Fourier transform infrared (FTIR) 

spectroscopy and impedance spectroscopy, respectively. The results show that the newly synthesized 

alkyl-sulfonated semi-alicyclic oligoimide forms a lamellar structure and shows high proton conductivity 

of 0.2 (±0.01) S cm-1. This value is the highest conductivity compared to the other reported sulfonated 

polyimide thin films with comparable molecular weight. 

3.2 Experimental section 

3.2.1. Materials 

3,3'-Bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) was synthesized according to previous reports. 

16,30 Triethylamine (TEA) was used as received from Kanto Chemical Co. Inc., Japan. Hydrochloric acid, 
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m-cresol, acetic acid, acetic anhydride, methanol, and acetone were obtained from Fujifilm Wako Pure 

Chemical Corp., Japan. 1,2,3,4-Cyclopentanetetracarboxylic dianhydride was purchased from Tokyo 

Chemical Industry Co. Ltd., Japan. 

3.2.2 Synthetic route of 3,3'-bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) 

The synthetic route of 3,3'-bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) is shown in scheme 3-1. 

The detailed steps are described as follows 

 

Step 1: Protection of amine groups 

3,3'-dihydroxybenzidine (Tokyo Chemical Industry Co., Ltd.) 5 g, Acetic anhydride (Fujifilm Wako 

Pure Chemical Corporation) 79 ml, acetic acid (Wako) 1.5 ml, water (18 MΩ cm-1) 200 ml were added 

into the Erlenmeyer flask and stirring at 70-80 C for 2 h. After cooling to room temperature, the mixture 

was further cool down by the ice bath. The solid product was separated from the mixture by centrifuge 

5804 (Eppendorf) and washed several times by acetone. The calculated yield was 97% after the product 

had dried overnight in a vacuum. 

 

Step 2: Introduction of sulfonated side chains 

The acetylated 3,3'-dihydroxybenzidine, 1,3-Propanesulton (Tokyo Chemical Industry Co., Ltd.) and 

sodium hydroxide (Fujifilm Wako Pure Chemical Corporation) were added into a three-necked flask 

equipped with a molar ratio of 1: 3: 3, respectively. 150 ml methanol was added into the flask to dissolve 

all the chemicals. Under the protection of argon atmosphere, the reaction was refluxed at 80 C for 6 

hours. The solution was black at the beginning of the reaction and turned yellowish-brown after about 1.5 

h. After sufficient cooling ice bath, the solid product was separated from the mixture by centrifuged, and 

the product was washed several times with methanol and acetone. The dried product was weighed after 

being vacuum dried overnight, and the yield was 50.3%. Based on NMR results, the sulfonation rate was 

calculated as 95%. 

 

Step 3: Ion exchange 

The solid product obtained in the previous step was dissolved in water (18 MΩ cm-1). The aqueous 

solution flowed through a glass column filled with ion exchange resin Amberlyst 31WET (Organo) slowly. 
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This process was repeated 5 times in order to exchange sodium ions into hydrogen ions as much as 

possible. Then the water was removed by rotary evaporator (Yamato Science). 

 

Step 4: Removal of protective groups 

The ion-exchanged product was dissolved in 100 ml of hydrochloric acid (Fujifilm Wako Pure 

Chemical Corporation). In a three-necked flask with a magnetic stirrer, the solution was refluxed at 120 

C for 2 hours under the protection of argon atmosphere. After that, the condenser tube was removed, 

and the temperature was raised to 150 C for dry distillation. The evaporated hydrochloric acid was 

absorbed with a sodium hydroxide solution prepared in advance. The obtained product was washed with 

2-propanol and acetone and then sufficiently dried to obtain a final product BSPA. The final yield was 47% 

 

Scheme 3-1. Scheme for synthesizing BSPA. 

3.2.3 Synthetic route of BSPA-CPDA 

The synthetic route of BSPA-CPDA is shown in Scheme 3-2. BSPA 0.46 g (1 mmol) and CPDA 0.21 

g (1 mmol) were added into a three-necked flask with magnetic stirring. 10 ml m-cresol (Fujifilm Wako 

Pure Chemical Corporation) was added to the three-necked flask as a solvent. Then 600 µl triethylamine 

(Kanto Chemical Co. Inc) was added into the flask.  

 

Scheme 3-2. Scheme for synthesizing BSPA-CPDA. 

Under the protection of argon atmosphere, the reaction was first performed at 80 C for 2 h. Then, 
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the temperature was raised to 180 C and the reaction was continued for 20 h. After the reaction, the 

resulting solution was cooled to room temperature, and further cooled in ice bath for 30 minutes. The 

cooled solution was added to 100 ml of cold fresh acetone to obtain a white flocculent precipitate. The 

solid product was obtained by centrifugation and washed several times with acetone, then dried under 

vacuum overnight. The dried product was then dissolved in water, and ion exchange was carried out 

using a glass column packed with ion exchange resin Amberlyst 31WET (Organo). This process was 

repeated several times to ensure that sulfonate was exchanged to sulfonic acid as much as possible. The 

solvent was removed by rotary evaporation and the final product BSPA-CPDA was obtained after 

completely drying. 

3.2.4 Characterization 

3.2.4.1 Nuclear magnetic resonance (NMR) 

The 1H nuclear magnetic resonance (NMR, Bruker Avance III (400 MHz) spectrometer; Bruker 

Analytik GmbH) spectra was used to determine whether the monomer and oligomer was successfully 

synthesized. Approximately 3 mg of monomer or oligomer was dissolved in a 600 µl dimethyl sulfoxide 

(DMSO) solution containing 0.03% of trimethylsilane (TMS) for NMR determination. After the 

measurement, software 1D NMR was used to integrate the results. 

3.2.4.2 Infrared (IR) spectroscopy 

The Fourier Transform Infrared Spectroscopy of monomer and oligomer was measured by 

Attenuated Total Reflection (FT-IR ATR). The used device was Nicolet 6700 (Thermo Fisher Scientific 

Inc.) and the analysis software used was OMNIC (Thermo Fisher Scientific Inc.). The sample powder is 

evenly coated on the prism and compacted with equipment to make the sample fully contact the prism, 

following the sample was measured. The background spectrum and the sample spectrum were scanned 

64 times to obtain the correct spectral image. The obtained spectrum was corrected by using Advanced 

ATR Correction. The measurement range was 400-4000 cm-1. 

3.2.4.3 Gel permeation chromatography (GPC) 

The molecular weight of BSPA-CPDA was measured by gel permeation chromatography (GPC), and 

the equipment used was LC-2000plus (JASCO). The mobile phase solution was obtained by mixing 10.26 
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g of NaNO3 (Kanto Chemical Co. Inc), 600 ml of water, 400 ml of N, N'-dimethylformamide (DMF) (Fujifilm 

Wako Pure Chemical Corporation) and 18 mL of acetic acid. The preparation method of the measurement 

solution containing BSPA-CPDA is described as follows: 

0.03 wt% of BSPA-CPDA was added to 3ml of the mobile phase solution and stir it thoroughly to 

dissolve it. The solution containing BSPA-CPDA was filtered by a syringe with a filter, then transfer the 

filtered solution to a screw cap bottle with a silicone cap. 50 µl of the prepared solution was injected into 

the device by microsampler. The molecular weight of the sample was calculated by comparing it with a 

standard curve drawn with standard materials in advance. The method of making the standard curve is 

as follows. Several polystyrenes with exact molecular weight (Mw = 759000, 580000, 290000, 101000, 

23600) were dissolved in mobile solution to prepare a standard solution. GPC measurement was 

performed on the standard solution, and the obtained results were fitted into a standard curve. 

3.2.5 Thin film preparation 

The spin coating (ACT-200 spin-coater; Active Co. Ltd.) method was used to prepare thin films. 

BSPA-CPDA was dissolved in the 1: 1 (w / w) of water and Tetrahydrofuran (THF) (Fujifilm Wako Pure 

Chemical Corporation). The thickness of thin films was controled about 500 nm. The the Si, SiO2 

substrates (E&M Co. Ltd.) and SiO2-coated 9 MHz quartz crystals (Seiko EG&G Co. Ltd.)  were washed 

by 2-propanol in advance. Before thin film deposition, plasma treatment (Cute-MP; Femto Science, Korea) 

was carried out to improve the hydrophilic properties of the substrate surface. 

3.2.6 Water uptake 

The water uptake was measured with the humidity-controlled in situ quartz crystal microbalance (in-

situ QCM) system. The diagram of the QCM substrate used in the measurement is shown in Figure 3-1. 

The schematic diagram of the measuring device is shown in Figure 3-2. Various relative humidity (RH) 

was generated by humidity generator Bel Flow (MicrotracBEL Corp.) through mixing dry N2 gas and steam. 

The QCM substrate was placed in a self-made humidity control chamber with a high-resolution RH sensor 

and was connected to the oscillation circuit and the frequency counter 5313A (Agilent Technologies) 

through a circuit. The weight change of the film can be calculated by using the Sauerbrey equation. 

Δ𝑚 =
𝑆×√𝜌𝜇

2×𝐹2 × (−Δ𝐹)                                                                  (3-1) 

where S is the electrode surface area. ρ, and μ stand for the quartz density and quartz shear modulus, 
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respectively. F is for the fundamental frequency of QCM substrate. The number of water molecules 

adsorbed per sulfonic acid group (water uptake / λ) was calculated by the following formula as shown 

below, 

𝜆 = (
𝑚

𝑚0
− 1) ×

𝐸𝑊

𝑀𝐻2𝑂
                                                                    (3-2) 

where m represents the mass of the film under each humidity, m0 represents mass of the film at the dry 

condition, M (H2O) is the molecular weight of water molecules, and EW expresses the equivalent weight 

of each sulfonic acid group 

 

Figure 3-1. Schematic illustration of the quartz crystal microbalance devices. 
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Figure 3-2. Schematic illustration of in-situ QCM measurement. 

3.2.7 In situ FTIR 

The dissociation state of the sulfonic acid group was investigated by RH controlled in situ FTIR 

measurements. The schematic diagram of the measuring system is shown in Figure 3-3. The thin film 

sample made on silicon wafers was placed in homemade chambers. In the humidity-controlled cell, CaF2 

windows were employed. An FTIR spectrometer (Nicolet 6700; Thermo Fisher Scientific Inc.) equipped 

with a deuterium triglycine sulfate (DTGS) detector was used for transmission in situ FTIR measurements. 

The RH change was controlled within the range of 0-95% through a humidity generator (me-40DP-2PW; 

Microequipment). When only nitrogen gas was flowing, the RH was defined as 0%.  

 

Figure 3-3. Schematic illustration of in-situ FT-IR measurement under humidity control. 
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3.2.8 Grazing incidence X-ray scattering (GIXRS) 

RH in situ GIXRS was measured by a FR-E X-ray diffractometer equipped with R-AXIS IV two-

dimensional (2D) detector (FR-E; Rigaku Corp.). The schematic diagram of the measuring system is 

shown in Figure 3-4. The thin film sample was placed in a humidity-controlled cell with X-ray transparent 

polyester film (Lumirror) windows. The humidity in the cell was controlled using the humidity generator 

me-40DP series. X-rays with wavelength of 0.1542 nm were generated through Cu Kα radiation and have 

a beam size of approximately 300 μm. The camera length was 300 mm, and the incidence angle was 

set in the range of 0.20°-0.22°. 

 

Figure 3-4. Schematic illustration of in-situ GISAXS measurement. 

3.2.9 Molecular structure simulation 

The optimized molecular structures were calculated by Material Studio 2020. The calculations were 

done based on DFT using a DMol3 module. The generalized gradient approximation (GGA) functional 

with the Perdew-Burke-Ernzerhof (PBE) type were used to model the exchange and correlation 

interactions. Convergence threshold for the maximum force and maximum displacement for normal 

geometry optimization were set, respectively, to 0.002 Ha Å-1 and 0.005 Å. 

3.2.10 Proton conductivity 

The proton conductivity of the BSPA-CPDA thin film in the direction parallel to a substrate surface 

was measured by alternating current (AC) electrochemical impedance spectroscopy (EIS). The 

schematic diagram of the measuring system is shown in Figure 3-5. The frequency response analyzer 
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and high-frequency dielectric interface (SI1260 and SI1296; Solartron Analytical) were used to measure 

the impedance. A humidity- and temperature-controlled chamber (SH-221; Espec Corp.) was used to 

control the humidity and temperature during the experiment. The impedance was measured when an AC 

voltage of 50 mV was applied, and the frequency was scanned in the range of 1 Hz to 10 MHz. The RH 

was controlled between 40% and 95%, and the temperature was stable at 298 K. The collected 

impedance values (R) were converted to the conductivity of thin film directly by the following equation, 

𝜎 =
𝑑

𝑅𝑙𝑡
                                                                                (3-3) 

where t and l stand for the film thickness and contact electrode length, respectively. d represents the 

distance between the two gold electrodes. 

 

Figure 3-5. Schematic illustration of AC impedance method. 

3.3 Results and discussions 

3.3.1 Characterizations 

3.3.1.1 1H nuclear magnetic resonance (1H NMR) 

The structure and 1H NMR results of each step in the monomer BSPA synthesis are shown in Figure 



  69 

3-1, and the structure and 1H NMR results of the polymer are shown in Figure 3-6.  

In all results, the peak appearing around 2.5 ppm was attributed to DMSO-d6. In the NMR results of 

the monomer, the water peak appeared near 3.3-3.5 ppm, while in the NMR results of the polymer, the 

water peak appeared at 5.0-5.8 ppm and the peak was broad. In Figure 3-1, the peak of the proton on 

the benzene ring appeared near 6.9-7.9 ppm, and the peak of the proton on the alkoxy chain appears 

near 2.1-4.2 ppm. The sulfonation rate obtained from the integrated value was around 95%. In the 

polymer NMR results in Figure 3-7, peaks from the possible by-product amide or carboxyl group were not 

observed, which proved that the imidization reaction was complete. Integration of proton peaks in 1H 

NMR spectra was in good agreement with the number of protons in both the backbone and side chain of 

BSPA-CPDA structure. Before ion exchange, the prepared polymer exhibits the TEA trace (red arrow), 

which also dominant in the spectrum. After ion exchange, the prepared polymer exhibit that the TEA 

amount reduced considerably, which is less than 1% comparing to before ion exchange. 
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Figure 3-6. 1H NMR（DMSO-d6）spectra of BSPA. 
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Figure 3-7. 1H NMR (DMSO-d6) spectra for each BSPA-CPDA. 

3.3.1.2 FT-IR ATR study 

FTIR-ATR spectra of BSPA and BSPA-CPDA are shown in Figure 3-8. The absorption peaks of νsym 

(C=O) 、νasym (C=O) and ν (C-N) which are typical imide bond were observed at 1778 cm-1,1706 cm-1 

and 1383 cm-1, respectively.37,38,39,40 Since δ (N-H) observed at 1629 cm-1 of 3,3’-BSPA was not observed 

in BSPA-CPDA, indicating that the imidization reaction was completed. In addition, since δ (C-N-H) (1530 

cm-1) of amic acid, which is an intermediate of imidization reaction, was not observed, it also indicated 

that imidization reaction was completed. Absorption peaks at 1502 cm-1 and 1573 cm-1 caused by 

vibration of the phenylenediamine benzene ring skeleton ν(C-C) were observed.41,42 Asymmetric 

stretching vibration peaks and symmetric stretching vibration peaks of the sulfonic acid group were 

observed at 1249 cm-1 and 1193 cm-1, respectively.43 Asymmetric stretching vibration peaks of sulfonic 

acid groups after proton ionization were observed at 1024 cm-1.44 
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As a result of the FT-IR ATR measurement, it was found that imidization proceeded sufficiently since 

the typical peak of amide, amide δ (N-H) and amic acid δ (C-N-H) were not observed. Also, no by-product 

or unreacted product peaks were observed. 

 

Figure 3-8. FTIR ATR spectra for 3,3'-BSPA and BSPA-CPDA. 

3.3.1.3 GPC study 

In order to identify the molecular weight of the polymer, measurement by GPC was performed. Figure 

3-9 shows the GPC chromatogram of BSPA-CPDA. The calculation results of molecular weight were 

shown in Table 2-1. As a result of calculation using a calibration curve, the weight average molecular 

weight (Mw) of BSPA-CPDA was 9300. Since no other prominent peaks were observed, the polymer was 

considered to have sufficiently polymerized. 
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Figure 3-9.GPC spectra for BSPA-CPDA. 

 

Table 3-1. Molecular weight of BSPA-CPDA. 

 

3.3.2 Water uptake 

Because water works as a carrier to facilitate the transport of protons in thin films, water uptake has 

a significant impact on the conductivity of proton exchange membranes.  Figure 3-10 shows the RH-

dependent water uptake of BSPA-CPDA thin film. For comparison, water uptake data for ASPI-2 

(consisting of pyromellitic dianhydride and BSPA) and ASSPI (consisting of 1,2,4,5-

cyclohexanetetracarboxylic dianhydride and BSPA) thin films with comparable molecular weights are also 

plotted in the same figure.31,36 The adsorption isotherm of water molecules showed a similar tendency to 

the adsorption isotherm of non-porous multimolecular adsorption. This was considered to be a change in 

the type of adsorbed water around the sulfonic acid groups.45,46 The adsorption behaviors of BSPA-CPDA, 

ASPI-2 and ASSPI thin films with respect to RH were similar. The water uptake value gradually increased 

with increasing RH. It can be seen that the water uptake value of all thin films was the same under low 

humidity, but BSPA-CPDA thin film showed higher water uptake value (λ = 16) than ASSPI (λ = 13) and 

ASPI-2 (λ = 14) thin films at 95% RH. 

  

 Baseline range Mw Mn Mw/ Mn 

BSPA-CPDA 27.02 - 39.73 9365 4319 2.17 
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Figure 3-10. Water uptake of BSPA-CPDA, ASPI-228 and ASSPI33 thin films as a function of RH at 298K. 

3.3.3 In situ FTIR 

In order to evaluate the dissociation behavior of sulfonic acid protons, the RH-controlled in situ FTIR 

measurements were performed on BSAP-CPDA thin film. The spectra of BSPA-CPDA thin film under 

humidification are shown in Figure 3-11(a). The broad absorption band around 3420 cm-1 is attributed to 

the OH stretching vibration mode of water molecules under humidification.44,47 The absorbance of this 

band increased with increasing the RH, indicating that water molecules were adsorbed on the thin film 

under humidified conditions. Specifically, at 0% RH the absorption band of water molecules could not be 

observed, meanwhile, the band observed at 902 cm-1 could be attributed to the stretching vibration mode 

of the S-O bond in protonated sulfonic acid group.48 This band at 902 cm-1 was completely disappeared 

with increasing RH. 
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Figure 3-11. RH-dependent FTIR spectra of BSPA-CPDA thin film (a) in the range of 4000-800 cm-1; (b) 

in the range of 2000-800 cm-1. 

Subsequently, the molecular states of the sulfonic acid group of BSPA-CPDA thin film were analyzed. 
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As shown in Figure 3-11(b), the absorption band attributed to the O=S=O symmetric stretching vibration 

(νs (S=O)) of deprotonated sulfonic acid was observed at 1030-1040 cm-1. We note that some sulfonic 

acid groups are deprotonated under the 0% RH. The peak area of νs (S=O) under different RH conditions 

was recorded as Sx(SO3
-), and the peak area of νs (S=O) at 0% RH was recorded as S0(SO3

-). The proton 

dissociation (PD / %) rate of the sulfonic acid group under each humidity condition is defined by the 

following equation: 

𝑃𝐷(%) =
(𝑆𝑥(𝑆𝑂3

−)−𝑆0(𝑆𝑂3
−))

(𝑆95(𝑆𝑂3
−)−𝑆0(𝑆𝑂3

−))
× 100%                                                     (3-4) 

The obtained PD value and water uptake value are plotted as a function of RH and the results are 

shown in Figure 3-12. Below 70% RH, the PD value increased to 90% rapidly with small amount of water 

uptake. This indicates that even less water adsorption can cause rapid deprotonation of sulfonic acid 

groups. When RH further increasing from 70% to 95%, the PD value only increased 10% and saturated. 

The sulfonic acid groups are considered to be completely deprotonated. 

 

Figure 3-12. RH-dependent rate of proton dissociation from O=S=O symmetric stretching of SO3
- (1030-

1040 cm-1) and water uptake for BSPA-CPDA thin film. 
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acid groups. Zhao et al. reported that the adsorbed water molecules around sulfonic acid groups in Nafion 

membrane can be divided into two types: one type is caused as forming a primary hydration shell by 

strong binding water molecules with acid groups under the λ region less than 4; another type is caused 

by the hydration of more excess water molecules under the λ region more than 4.49 In our study, the slope 

of the water uptake quickly changed around λ=5 as 70% RH, indicating the change of water adsorption 

from the strongly bound water with the sulfonic acid groups to excessive bulk water. 

The O−H stretching region can be deconvolution into four peaks by Gaussian deconvolution 

method.50,51,52 As shown in Figure 3-13(a), the peak representing the hydronium ion (H3O+) appears at 

3146 cm-1,50,53 the peak corresponding to the water hydrogen-bonded (H-bonded) to the sulfonic acid 

group appears at 3252 cm-1,51,54 the peak representing water H-bonded to other water molecules appears 

at 3413 cm-1,52,55 the peak corresponding to the non-H-bonded water appears at 3558 cm-1.50,56 The water 

molecules H-bonded to sulfonic acid group is assigned as “bounded water” and the water molecules H-

bonded to other water molecules is assigned as the “bulk water”. 

The integrated absorbance of each component i is expressed as Ai. The fraction fi of each band area 

Ai is calculated as follows 

𝑓𝑖 = 𝐴𝑖/ ∑ 𝐴𝑗
4
𝑗                                                                            (3-5) 

the 𝜆𝑖  represents each water component per sulfonic acid group is calculated as follows 

𝜆𝑖 = 𝜆𝑡𝑜𝑡𝑎𝑙 × 𝑓𝑖                                                                          (3-6) 

Where the 𝜆𝑡𝑜𝑡𝑎𝑙 is the water uptake value determined by QCM measurements. The Figure 3-

13(b) shows the results of 𝜆𝑖  as a function of RH. Both water molecules H-bonded to other water 

molecules (𝜆(𝐻2𝑂)) and water molecules H-bonded to sulfonic acid group (𝜆(𝑆𝑂3
−))gradually increase with 

increasing humidity. When the RH is higher than 70%, 𝜆(𝐻2𝑂)  begins to increase rapidly but 𝜆(𝑆𝑂3
−) 

remains almost unchanged. This shows that most of the water molecules adsorbed after 70% RH are 

bulk water, which is consistent with the results discussed above about the PD and water uptake value. 
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Figure 3-13. (a) Gaussian deconvolution of the O−H stretching region of in situ FTIR spectrum of BSPA-

CPDA at 90% RH, 298 K; (b) water uptake values of 4 types of water in BSPA-CPDA thin film as a function 

of RH. 
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3.3.4 In situ GIXRS 

GIXRS is a powerful tool for detecting molecular packings and molecular orderings in molecular 

organized thin films.50,51 RH-dependent in situ GIXRS measurements on the BSPA-CPDA thin film were 

carried out to examine the effect of the oligomeric semi-alicyclic main chain on the lyotropic ordered 

structure. The 2D scattering images are shown in Figures 3-14(a-d) and 1D GIXRS profiles in the in-

plane (IP) and out-of-plane (OP) directions are shown in Figures 3-14(e, f). One scattering peak in the 

OP direction was observed, indicating that the ordered structure was formed perpendicular to the 

substrate surface. According to our previous reports, the hydrophobic backbone of polyimides aligned 

along the IP direction parallel to the substrate, meanwhile the hydrophilic side chain with sulfonic acid 

groups oriented in the OP direction to form a lamellar structure by lyotropic LC property.8,35,36 In the 

present study, as the RH increasing, the intensity of the scattering peak increased in the OP direction, 

and the peak position gradually moved toward the small angle. This trend of structural change is the 

same as that seen in previous reports, indicating lamellar expansion and degree of molecular ordering 

were enhanced by the lyotropic LC property. In the IP profiles, RH-dependent scattering peaks were 

observed in the small-angle region. This scattering peak can be attributed to the origin from the broad 

OP scattering as shown in Figures 33-14(b-d). These results indicate that as the RH increases, the loosely 

packed lamellar was organized and expanded to the OP direction with increasing the degree of structural 

order. 
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Figure 3-14. GIXRS measurement results of BSPA-CPDA thin film. A, b, c and d show 2D GIXRS patterns 

at 50% RH, 70% RH, 80% RH and 95% RH, respectively. RH-dependent 1D profiles in the in-plane and 

out-of-plane directions of the thin film are shown in e and f, respectively. Those scattering peaks at 

2θ=15.5o and 16.8o were originated from the Lumirror window of the humidity-controlled cell. 

Ando et al. have investigated the backbone aggregation of polyimides with both aromatic and 

semialiphatic structures through grazing-incidence wide-angle X-ray scattering (GIWAXS) 

measurement.15 The fully aromatic polyimide with the rod-like molecular structure and high planarity 

forms smectic LC ordered structure like main-chain LC polymers. Our previous fully aromatic ASPI thin 

films with alkyl-sulfonated side chains also showed similar in-plane and out-of-plane scatterings, which 

could be explained by the periodic unit length and a ch-pack aggregation of the polyimide backbone, 

respectively. In the case of ASSPI, no scattering representing the periodic unit length was observed in 

the in-plane direction and the scattering represents ch-pack aggregation was observed in the out-of-plane 
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direction. However, only one isotropic (arc) scattering was observed in the GIXRS results of low-

molecular-weight ASSPI, indicating that even under humidified conditions, low-molecular-weight ASSPI 

only exhibits a weak randomly oriented lamellar structure due to the semi-alicyclic main chain. In the 

present study, the GIXRS results are similar to the ASSPI case. A weak RH-independent scattering was 

observed at α = 16.5o representing the ch-pack aggregation of BSPA-CPDA backbone in the out-of-plane 

direction. Although the ch-pack interaction of the present oligomer reduces by the substitution of semi-

alicyclic CPDA, we could observe the formation of a distinct organized lamellar structure in the out-of-

plane direction under high RH conditions.  

To understand the reason for observing the lamellar structure at oligomeric BSPA-CPDA, we tried to 

investigate the structural model. For comparison, oligomeric ASSPI units which only shows weak lamellar 

structure was also considered. Figure 3-15 depicts the optimized oligomeric structures of 5 repeating 

units for BSPA-CPDA and previous ASSPI by DFT calculation. The main chain of BSPA-CPDA units 

showed higher rigidity than that of ASSPI units. Therefore, even low molecular weight, BSPA-CPDA thin 

film with more rigid backbone can exhibit a well-ordered lamellar structure by strong lyotropic LC property. 

 

 

 

Figure 3-15. Optimized structures of (a) 5 repeating units of BSPA-CPDA with rigid backbone and (b) 5 

repeating units of ASSPI with bending backbone. 

The layer distance (d) of lamellar structure under different humidity conditions can be calculated by 
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employing the following equation : 

𝑑 =
0.1542

2𝑠𝑖𝑛𝜃
                                                                             (3-7) 

Where θ is the angle of scattering peak appeared at different RH and 0.1542 (nm) is the wavelength 

of the X-rays generated through Cu Kα radiation. Figure 3-16 shows the calculated d value of BSPA-

CPDA thin film as a function of water uptake. For comparison, water uptake of other two reported ASPI 

thin films are shown. The layer distance of fully aromatic ASPI-2 thin film changes linearly, showing a 

maximum d value of 3.0 nm at λ=14. The layer distance of semi-alicyclic sulfonated oligo-BSPA-CPDA 

and ASSPI thin films varied nonlinearly with a relatively lower maximum d value of 2.7 nm at λ = 16. Non-

linear expansion of interlamellar distance with respect to the number of water molecules contained has 

not been observed in fully aromatic polyimide. This is considered to be a feature of thin films having a 

semi-alicyclic backbone though the mechanism is not yet determined. In addition, in the fully aromatic 

polyimide thin films, the length of the side chain determined the interlamellar distance, but it is clear that 

this tendency is different in the semi-alicyclic oligoimide thin film having an alkyl chain of the same length 

in the side chain. Since the semi-alicyclic oligoimide thin film has a small interlamellar distance, the proton 

concentration per unit volume is higher than that of the fully aromatic polyimide thin films, so that high 

proton conductivity can be expected. 
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Figure 3-16. Humidity-dependent layer distance of BSPA-CPDA, ASSPI and ASPI-2 thin films. 
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3.3.5 Proton Conductivity 

The proton conductivity for the BSPA-CPDA thin film is shown in Figure 3-17(a) as a function of 

humidity at 298 K. The proton conductivity increased with increasing RH, which could be observed as 

typical proton conducting polymers. The maximum proton conductivity reached 0.2 S cm-1 at 95% RH. 

The achieved value is the highest one among the reported sulfonated polyimide thin films with lower 

molecular weight. We note that these ASPI thin films show molecular weight dependence of the proton 

conductivity. Therefore we compared the proton conductivity of thin films with similar low molecular weight. 

Figure 3-17(b) shows the proton conductivity of BSPA-CPDA, ASPI-2 and ASSPI thin films as a function 

of the water uptake value (λ) per sulfonic acid group. The increasing in λ value in the case of low RH 

significantly increased proton conductivity of all thin films. In the same water uptake, the BAPA-CPDA 

thin film showed the highest proton conductivity. This highest proton conductivity can be achieved by the 

organized lamellar structure with relatively rigid backbone in semi-alicyclic oligoimide because of the 

strong lyotropic LC property. 
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Figure 3-17. (a) Proton conductivity of BSPA-CPDA, ASSPI and ASPI-2 thin films with comparable 

molecular weight as a function of RH at 298 K; (b) Proton conductivity of BSPA-CPDA, ASPI-2 and ASSPI 

thin films with comparable molecular weight as a function of water up take (λ) at 298 K. 

3.3.6 Comparison with other ASPIs 

Table 1 summarizes the structural features, molecular weight, liquid crystal features, and proton 

conductivity of the BSPA-CPDA and reported ASPI thin films.31,35,36 The ASPI-131 (consisting of 1,4,5,8-
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naphthalenetetracarboxylic dianhydride and BSPA, Figure S4c) and ASPI-2 have fully aromatic backbone, 

and the ASSPI36 and the present BSPA-CPDA possesses semi-alicyclic backbone. In all the alkyl 

sulfonated polyimide thin films, a lyotropic lamellar ordering with phase separation of the hydrophobic 

main chain and hydrophilic side chain layers is observed under humidification. Moreover, the fully 

aromatic ASPI-1 and ASPI-2 thin films exhibit smectic ordering within the lamellar layer because of the 

lyotropic LC properties by the rigid linear main chain.31,35 Reportedly, the degree of molecular ordering 

deteriorates when the molecular weight becomes small.31 On the other hand, the previous ASSPI thin 

film with a semi-alicyclic backbone does not exhibit scattering corresponding to the main chain smectic 

order in the intra-lamellar plane.36 This indicates that the alicyclic structure weakens the aggregate of the 

main chains, and the positional order of the main chains within the lamellar layer is lost (nematic-like 

structure). Therefore, the scattering of the lyotropic lamellar structures is also weak and less ordered 

compared to the fully aromatic polyimides. The lamellar ordering decreased considerably in the low-

molecular-weight ASSPI (Mw = 25,000). 

In the present BSPA-CPDA with a semi-alicyclic backbone, the scattering corresponding to the 

lyotropic lamellar organized structure was observed, but no positional order of the main chains was 

observed. Even for the oligomer level of the molecular weight (Mw = 9,300), BSPA-CPDA obviously 

exhibits the lyotropic lamellar scattering, indicating highly molecular ordering compared to ASSPI. 

Comparing the two semi-alicyclic polymers, the present BSPA-CPDA adopts a more linear conformation 

according to the DFT results (Figure 5). Thereby, BSPA-CPDA with a more linear main chain exhibits a 

higher-ordered lamellar structure than that of ASSPI. Proton conductivity decreased greatly with 

decreasing molecular weight in previous ASPI and ASSPI. However, the BSPA-CPDA oligomer exhibits 

high proton conductivity comparable to ASPIs with higher molecular weight. The ordered lamellar 

structure driven by the linear conformation of semi-alicyclic and rigid backbone structure can enhance 

the proton conductivity. This is the first demonstration of the high proton conductivity by the lamellar 

structure with semi-alicyclic backbone in such a low molecular weight oligoimide thin film. 
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Table 3-2. Structural features, molecular weight, liquid crystal features, and proton conductivities of the 

present BSPA-CPDA and reported ASPI thin films with thickness of ~500 nm. 

Materials 
Main chain 

backbone 

Main chain 

conformation 

Molecular 

weight (Mw) 

Lyotropic LC 

Structure 

Main chain LC 

structure  

σa 

(S cm−1) 

BSPA-

CPDA 

 Semi-alicyclic Linear 9300 Lamellar Nematic-like 0.20 

ASPI-135 Aromatic Linear 490000 Lamellar Smectic 0.18 

ASPI-231 Aromatic Linear 13000 Weak lamellar / 0.01 

260000 Lamellar Smectic 0.26 

ASSPI36 Semi-alicyclic Nonlinear 25000 Weak lamellar / 0.03 

40000 Lamellar Nematic-like 0.15 

 

3.4 Conclusion 

It had not been discovered that sulfonated polyimide thin films with semi-alicyclic backbone in the 

main chain forms a lamellar structure due to the weak rigidity of the main chain and low molecular weight. 

In this study, we have investigated whether lyotropic LC property can drive a lamellar structure by an 

improved rigidity of the alicyclic main chain even with a low molecular weight. To investigate this 

hypothesis, a novel sulfonated semi-alicyclic oligoimide, BSPA-CPDA, with cyclopentane backbone was 

newly synthesized, employing a more rigid main chain than previously reported. The water uptake of 

BSPA-CPDA thin film showed similar trend with the other reported ASPIs; the results of in situ FTIR 

showed that when λ=5 at 70% RH, the adsorbed water around the sulfonic acid group changes from 

bound water to bulk water. The GIXRS results of BSPA-CPDA thin film showed that the scattering peak 

of the loosely packed lamellar structure driven by lyotropic LC property was observed under high humidity 

conditions, indicating a change from disordered to ordered aggregated structure. As the humidity 

increases, the layered structure was strengthened and the distance of lamellar was enlarged. The proton 

conductivity of the BSPA-CPDA thin film increased with increasing the humidity and achieved a value of 

0.2 S cm-1 at 298 K and 95% RH. Compared with the other reported ASPIs with relatively lower molecular 

weight, BSPA-CPDA thin film has the highest proton conductivity value among them. This is attributed to 
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the formation of the lamellar structure to facilitate proton transport channels driven by the nature of 

lyotropic LC property. We concluded that sulfonated oilgoimide thin films with more rigid alicyclic 

backbone in the main chain can form organized lamellar structure due to the strong lyotropic LC property. 
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Abstract 

Pressure sensors have received extensive attention as an electronic component that is widely used 

in personal electronic equipment and industrial monitoring. In particular, new materials that can 

simultaneously respond to multiple stimuli in addition to pressure have received much attention. Herein, 

we preliminarily explore the basic properties of ion-conducting materials ASPI-1, ASPI-2 and APOS-

PMDA as potential pressure-sensitive materials. Among them, ASPI-2 and APOS-PMDA show 

reproducible pressure sensitivity under humidified conditions. SpeciallyEspecially, the resistance of ASPI-

2 can be increased to 2 times higher than the initial resistance as a maximum under the pressure, and 

its resistance increased linearly as a function of pressure, indicating that ASPI-2 is a potential 

piezoelectricity type pressure-sensitive material. 
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4.1 Introduction 

As an important part of wearable electronic devices, pressure sensors have received extensive 

attention due to their wide application in health monitoring, artificial intelligence, internet of things and 

other fields.1,2,3,4,5,6 Generally, pressure sensors convert pressure information into electrical signals which 

are easy to read and analyze by some method. The rapid development of materials science, systems 

engineering, signal processing and other technologies, making pressure sensors have unique 

advantages, such as low cost, excellent flexibility, and compatibility with large-area processing 

technologies.7,8,9,10,11 Usually pressure sensors can be divided into piezoresistive, piezocapacitive, 

transistor, piezoelectric sensors according to the working principle.12,13 

In practical applications, the ideal pressure sensor should have the characteristics of high sensitivity, 

wide working range, fast response speed and low hysteresis. Therefore, researchers have attempted to 

introduce well-defined morphological microstructures in pressure sensors to achieve large conductive 

contact changes, effective stress concentration, and signal conduction.14,15,16,17,18 Common 

microstructures usually appear at the nano or micro scale, including tunable layer spacing, crack, porous 

hierarchical structure multiscale hierarchical structure, etc. 19,20,21,22,23,24,25,26  

In recent years, lamellar materials with variable interlayer distances have provided new ideas for the 

design and construction of pressure sensors due to their novel principles.19,20,27,28 Gao et al fabricated a 

piezoresistive flexible pressure sensor with high sensitivity based on multilayer Ti3C2Tx MXene.19 Using 

transmission electron microscopy (TEM), they observed huge interlayer distances changes under 

pressure, providing a fundamental working mechanism for piezoresistive sensors. Huang et al. designed 

and fabricated a series of piezoresistive sensors based on active material obtained by the reaction 

between graphene oxide and three kinds of amino-functionalized molecules (triethylene glycol amine 

(R1), 1-octylamine (R2), and 4-aminobiphenyl (R3)).20 This chemically modified graphene oxide can be 

spray-coated on the substrate to obtain a multi-layer structure, and the interlayer distance is determined 

by the employed molecules (ie, R1-R3 molecules). The results show that the sensitivity of the pressure 

sensor increases with the flexibility of the employed molecules. Yang et al. fabricated a piezoresistive 

sensor with high sensitivity and multifunctional microforce sensing by exploiting the designed channel 

confinement effect and compressible laminated MXene (Ti3C2Tx).27  
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The microstructure in the pressure sensor can be obtained by techniques such as self-assembly, 

patterning, auxiliary manufacturing, etc.8,29,30,31,32,33 Self-assembly is driven by intermolecular interactions, 

electrostatic interactions, hydrophilic-hydrophobic interactions, etc. 13,34,35,36,37 Huang et al. reported a 

pressure sensor based on reduced graphene oxide (rGO) sponge microstructures and polyaniline (PANI) 

nanoarrays.34 The microstructures are formed by self-assembly processes through strong π-π 

interactions, hydrogen bonding, and electrostatic interactions. There have been reports of pressure-

sensitive materials fabricated based on hydrophilic-hydrophobic interactions. Jung et al. prepared porous 

pressure-sensitive rubber (PPSR) by the reverse micelle method.8 The reverse micelles in the form of 

water droplets are surrounded by an emulsifier consisting of a mixture of PDMS/organic solvent/multi-

walled carbon nanotubes. Reverse micelles migrate, merge and evaporate during the process, resulting 

in a porous structure. 

Human skin is extremely sensitive to pressure, benefit from multi-layered structure. This multi-layer 

structure composed of epidermis, dermis, etc. can effectively transmit stress to enhance tactile 

perception.38 Inspired by skin structure and function, researchers have developed a variety of pressure 

sensors with micro- or nano-scale multilayer structures. Ko and coworkers proposed a skin-like 

hierarchical nanoporous and interlocked micro-ridge structured polymer architecture with gradient elastic 

modulus for the fabrication of highly sensitive triboelectric sensors.38 Pan and coworkers have presented 

the first skin-interfaced iontronic pressure-sensing architecture for wearable sensing, based on the 

emerging iontronic detection principle in an easy-to-apply imperceptible and ultrathin (1.9 µm) 

packaging.39 R. Wood and coworkers present a versatile transduction mechanism for highly sensitive 

strain detection based on strain-mediated contact in anisotropically resistive structures (SCARS).40  

The ability to mimic the complex function of human skin is of tremendous interest in the development 

of electronic sensors.38 Functions in addition to pressure or tactile sensing are desirable to better adapt 

to the surrounding environment, including the abilities of strain, humidity and temperature measurement 

at the same time.39,40 However, most previously reported materials are limited to single stimulus 

responses and have limited ability to perceive changes in multiple stimuli.41 Normally, two strategies can 

be used to produce the multiple stimuli stimuli-responsive sensors. The first one is integrating multiple 

different kinds of single stimulus-responsive sensors on the same substrate.42 The second one is 

development of new materials that can simultaneously sense and convert multiple stimuli changes into 

easily analyzed electrical signals 
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Generally, Alkyl sulfonated polyimides (ASPIs) is are considered to be one of the potential electrolyte 

materials due to its their high chemical stability, controllable molecular structure and high proton 

conductivity.43,44,45,46 Driven by the lyotropic liquid crystal properties, ASPIs can self-assemble into 

ordered lamellar structures in solution. In particular, its ability to automatically form ordered structures 

under humidified conditions, which is called lyotropic LC property. When the polymer having this property 

is mixed with water or other polar solvents, it becomes a liquid crystal within a specific concentration 

range. Since the hydrophilic part and the hydrophobic part are gathered close and far away from water, 

respectively, phase separation will occur. And this phase separation will work as a proton transport 

channel to improve the proton conductivity. ASPIs are naturally sensitive to ambient temperature and 

humidity as an ionic (proton) conductor material. Moreover, ASPIs can form lamellar ordered structure 

driven lyotropic liquid crystalline property, when applied a pressure perpendicular to the ASPI thin film 

plane, the lamellar distance will decrease accordingly, resulting a change in proton conductivity. This 

makes them to be a kind of potential stimulus-responsive material. 

4.2 Experimental section 

4.2.1. Materials 

3,3'-Bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA), ASPI-1 and ASPI-2 was synthesized according 

to previous reports.43,47,45 Triethylamine (TEA) was used as received from Kanto Chemical Co. Inc., Japan. 

Hydrochloric acid, m-cresol, acetic acid, acetic anhydride, methanol, and acetone were obtained from 

Fujifilm Wako Pure Chemical Corp., Japan. 1,2,3,4-Cyclopentanetetracarboxylic dianhydride was 

purchased from Tokyo Chemical Industry Co. Ltd., Japan. 

4.2.2 Synthetic route of APOS 

The synthesis of sulfonated diamine monomer APOS is shown in Scheme 4-1, and each step is 

described in detail as follows: 

Step 1: Protection of amine groups 

3,3'-dihydroxybenzidine (Tokyo Chemical Industry Co., Ltd.) 5 g, Acetic anhydride (Fujifilm Wako 

Pure Chemical Corporation) 79 ml, acetic acid (Wako) 1.5 ml, water (18 MΩ cm-1) 200 ml were added 

into the Erlenmeyer flask and stirring at 70-80 C for 2 h. After cooling to room temperature, the mixture 

was further cooled down by the ice bath. The solid product was separated from the mixture by centrifuge 
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5804（Eppendorf）and washed several times by with acetone. The calculated yield was 97% after the 

product had dried overnight in a vacuum. 

 

Step 2: Introduction of side chain 

Anhydrous potassium carbonate of 3.2 g and 60 ml acetonitrile (Wako, Japan) were added into a 

100 ml three-necked flask and heated at 80 ℃. After the temperature reached 80 ℃, 8 ml 1,2-bis(2-

chloroethoxy)ethane (TCI, Japan) was added into the three-necked flask, and 1.2 g (as total) of acetylated 

3,3’-dihydroxybenzidine was added into the three-necked flask in six times within one hour to avoid the 

formation of crown ether structure. The reaction was carried out under an argon atmosphere for 72 h with 

a moderate argon flow to prevent excessive evaporation of acetonitrile. 

After the reaction, the solid impurities were removed by suction filtration and acetonitrile was 

removed by rotary evaporator (Yamato Science). Followed by column chromatography was used to obtain 

pure product.  

The mobile phase, ethyl acetate (Wako, Japan), was used by thin layer chromatography (TLC), and 

the wakogel C-200 (Wako, Japan) was used as stationary phase. After chromatography, the ethyl acetate 

was removed by rotary evaporator, and the yield was 39%. 

 

Step 3: Sulfonation reaction 

The product obtained in the previous step was reacted with sodium sulfite in a molar ratio of 1:4 to 

obtain a sulfonated product. The 0.92 g of the product obtained in the previous step, 1.53 g sodium sulfite, 

31 ml ethanol and 31 ml distilled water, were added into a 100 ml three-necked flask with a magnetic 

stirring, and reacted under 100 ℃ for 24 hours under the protection of argon. 

After the reaction, a rotary evaporator was used to remove the solvent. The sulfonated product can 

dissolve in methanol, but sodium sulfite or sodium chloride cannot. The solid product was dissolved in 

methanol and the insoluble impurities were removed by suction filtration. Followed by the solvent was 

removed by rotary evaporator, and the product was vacuum vacuum-dried overnight. The yield was 88%. 

 

Step 4: Ion exchange 

The solid product obtained in the previous step was dissolved in water (18 MΩ cm-1). The aqueous 
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solution flowed through a glass column filled with ion exchange resin Amberlyst 33 (Organo) slowly. This 

process was repeated 5 times in order to exchange sodium ions into hydrogen ions as much as possible. 

Then the water was removed by rotary evaporator (Yamato Science). 

 

Step 5: Removing protecting groups 

The product obtained in the previous step was dissolved in 22 ml HCl (Wako, Japan), then reacted 

in a 25 ml three-necked flask under 120 ℃ for 2 hours under the protection of argon. After that, removed 

the condenser tube and raised the temperature up to 160 ℃  to evaporate HCl. The evaporated 

hydrochloric acid was absorbed with a sodium hydroxide solution prepared in advance. Then the solid 

product was washed by with 2-propanol with centrifugation by the Centrifuge5804 (Eppendorf) for several 

times. And the product was dried for one night by with vacuum dryer. The yield was 85%. 

 
Scheme 4-1. Scheme for synthesizing APOS. 

4.2.3 Synthetic route of APOS-PMDA 

The process of polymer synthesis is shown in Scheme 4-2. 0.30 g sulfonated diamine monomer 

APOS (0.5 mmol), 0.11 g pyromellitic dianhydride (0.5 mmol) (TCI, Japan),5 ml m-cresol (Wako, Japan), 

and 150 μl triethylamine (Kanto Chemical, Japan) were added into a 25 ml three-necked flask, then 

reacted at 160 ℃ for 10 hours under the protection of argon gas flow. The product was cooled to the 

room temperature after the reaction. Then the cooled product was added to 50 ml cold acetone, and the 

solid product precipitated was obtained. The pure solid product was obtained by centrifugation and 



  99 

washed several times with acetone, then dried under vacuum overnight. 

The dried product was then dissolved in water, and ion exchange was carried out using a glass 

column packed with ion exchange resin Amberlyst 33 (Organo). This process was repeated several times 

to ensure that sulfonate was exchanged to sulfonic acid as much as possible. The solvent was removed 

by rotary evaporation and the final product APOS-PMDA was obtained after completely drying. The yield 

was 76%. The weight average molecular weight (Mw) of synthesized APOS-PMDA was 116,200 which 

was confirmed by Gel permeation chromatography (GPC). 

 

Scheme 4-2. Scheme for synthesizing APOS-PMDA. 

4.2.4 Synthetic route of ASPI-1 and ASPI-2 

The synthesis of ASPI-1 and ASPI-2 is shown in Scheme 4-3. Typically, 0.46 g sulfonated diamine 

monomer BSPA (1 mmol), 1 mmol dianhydride monomer (TCI, Japan),6 ml m-cresol (Wako, Japan), and 

300 μl triethylamine (Kanto Chemical, Japan) were added into a 25 ml three-necked flask, then reacted 

at 150 ℃ for 6 hours under the protection of argon gas flow. The product was cooled to the room 

temperature after the reaction. Then the cooled product was added to 50 ml cold acetone, and the solid 

product precipitated was obtained. The pure solid product was obtained by centrifugation and washed 

several times with acetone, then dried under vacuum overnight. 

The dried product was then dissolved in water, and ion exchange was carried out using a glass 

column packed with ion exchange resin Amberlyst 33 (Organo). This process was repeated several times 

to ensure that sulfonate was exchanged to sulfonic acid as much as possible. The solvent was removed 

by rotary evaporation and the final product was obtained after completely drying. After the ion exchange 

process, the products were further washed by with methanol. The Mw confirmed by GPC of synthesized 

ASPI-1 and ASPI-2 was 470,000 and 430,000, respectively. 
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Scheme 4-3. Scheme for synthesizing ASPI-1 and ASPI-2.45 

4.2.5 Thin film preparation 

The spin coating (ACT-200 spin-coater; Active Co. Ltd.) method was used to prepare thin films. 

BSPA-CPDA was dissolved in the 1: 1 (w / w) of water and Tetrahydrofuran (THF) (Fujifilm Wako Pure 

Chemical Corporation). The thickness of thin films was controlled at about 500 nm. The the Si, SiO2 

substrates (E&M Co. Ltd.) and SiO2-coated 9 MHz quartz crystals (Seiko EG&G Co. Ltd.)  were washed 

by with 2-propanol in advance. Before thin film deposition, plasma treatment (Cute-MP; Femto Science, 

Korea) was carried out to improve the hydrophilic properties of the substrate surface. 

4.2.6 Electrochemical impedance spectroscopy (EIS) 

In order to measure the pressure sensitivity of the ASPI thin films, an original cell (Figure 4-1) that 

can measure the resistance changes of thin films under continuous pressure was fabricated. The 

resistance changes of ASPI thin films in the direction parallel to a substrate surface was measured by 

alternating current (AC) electrochemical impedance spectroscopy (EIS). The frequency response 

analyzer and high-frequency dielectric interface (SI1260 and SI1296; Solartron Analytical) were used to 

measure the impedance. A humidity- and temperature-controlled chamber (SH-221; Espec Corp.) was 

used to control the humidity and temperature during the experiment. The impedance was measured when 

an AC voltage of 50 mV was applied, and the frequency was scanned in the range of 1 Hz to 10 MHz. 

The RH was controlled between 40% and 95%, and the temperature was stable at 298 K. 
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Figure 4-1. Schematic illustration of AC impedance method. 

4.3 Results and discussions. 

4.3.1 1H nuclear magnetic resonance (1H NMR) 

The structure and 1H NMR results of ASPI-1, ASPI-2 and APOS-PMDA are shown in Figure 4-2. In 

all results, the peak appearing around 2.5 ppm was attributed to DMSO-d6, and the water peak appeared 

appearing near 3.5-3.8 ppm was attributed to water. In the result of APOS-PMDA, the signal of proton e, 

f, g, h was overlapped by water peck. Peaks from the possible by-product amide or carboxyl group were 

not observed, which proved that the imidization reaction was complete. Integration of proton peaks in 1H 

NMR spectra was in good agreement with the number of protons in both the backbone and side chain. 
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Figure 4-2. 1H NMR results of ASPI-1, ASPI-2 and APOS-PMDA 

4.3.2 Qualitative analysis  

To explore whether ASPI-1, ASPI-2 and PMDA-APOS thin films are pressure sensitive, their 

impedances were measured under constant pressure and different humidity conditions. Figure 4-3 shows 

the Nyquist plots of ASPI-1 thin film with and without 0.18 MPa pressure applied. The electrical resistance 

as a function of humidity and pressure obtained from the Nyquist plot is shown in Figure 4-4. The 

resistance of ASPI-1 thin film did not exhibit a repeatable change as pressure is applied or removed, 

indicating that ASPI-1 thin film is not pressure sensitive.  
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Figure 4-3. Nyquist plots of ASPI-1 thin film under different RH conditions with and without 0.18 MPa 

pressure applied.  
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Figure 4-4. Resistance changes of ASPI-1 thin film under different RH conditions with and without 

pressure. 

Figure 4-5 shows the Nyquist plots of ASPI-2 thin film with and without 0.19 MPa pressure applied. 

The electrical resistance as a function of humidity and pressure obtained from the Nyquist plot is shown 

in Figure 4-6. Under 40% RH, the resistance of ASPI-2 thin film did not exhibit a repeatable change as 

pressure was applied or removed. However, at 60% RH, the resistance of ASPI-2 thin film increases 

significantly when pressure is applied and decreases when pressure is removed. When the humidity was 

increased to 80% and 90% RH, the resistance of ASPI-2 thin film still exhibited repeatable changes with 

the application or removal of pressure. When the pressure is applied, its resistance can be up to 2 times 

higher than the initial resistance. And when the pressure is removed its resistance can be restored to the 

same magnitude as the initial resistance. These indicate that under high humidity conditions, ASPI-2 thin 

film exhibits good pressure sensitivity and repeatability. 
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Figure 4-5. Nyquist plots of ASPI-2 thin film under different RH conditions with and without 0.19 MPa 

pressure applied.  
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Figure 4-6. Resistance changes of ASPI-2 thin film under different RH conditions with and without 

pressure. 

Figure 4-7 shows the Nyquist plots of APOS-PMDA thin film with and without 0.16 MPa pressure 

applied. The electrical resistance as a function of humidity and pressure obtained from the Nyquist plot 

is shown in Figure 4-8. Under 40% RH, the resistance of APOS-PMDA thin film was too large to be 

determined. Under 60% RH, the resistance of APOS-PMDA thin film did not exhibit a repeatable change 

as pressure was applied or removed. Under 80% and 90% RH, the resistance of APOS-PMDA thin film 

only increases by a maximum of 50% when pressure is applied. This indicates that APOS-PMDA is less 

pressure sensitive than ASPI-2. 
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Figure 4-7. Nyquist plots of APOS-PMDA thin film under different RH conditions with and without 0.16 

MPa pressure applied. 
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Figure 4-8. Resistance changes of APOS-PMDA thin film under different RH conditions with and without 

pressure. 

Qualitative analysis of three ASPI materials shows that ASPI-1 has no pressure sensitivity, while 

ASPI-2 and APOS-PMDA show reproducible pressure sensitivity under high humidity conditions. 

Particularly, the resistance of ASPI-2 can be increased to 2 times higher than the initial resistance under 

the pressure, proving that ASPI-2 is a potential pressure-sensitive material. 

4.3.3 Quantitative analysis  

Since ASPI-2 has good pressure sensitivity, in order to explore the relationship between its resistance 

change and applied pressure, the resistance change as a function of pressure was measured under 60% 

and 80% RH. 

Figure 4-9 (a) and (b) shows the results of the Nyquist plots and obtained resistance of ASPI-2 thin 

film as a function of pressure under 60% RH, respectively. The results show that the resistance of ASPI-

2 thin film increases linearly with increasing the pressure between 0.1 and 0.2 MPa. The sensitivity (S) 

of ASPI-2 thin film is calculated to be 24 MPa−1 by using the equation S=δ(ΔR/R0)/δP, where P is the 
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applied pressure, R and R0 represent the resistance with or without pressure, respectively.20 Compared 

with previously reported materials, ASPI-2 exhibited the highest sensitivity in a similar pressure range 

(Table 4-1).48,49,50,51 However, when removed pressure its resistance cannot restore to the initial value 

completely. 

Table 4-1. Comparison of sensitivity of ASPI-2 thin film with reported materials. 

 

 

 

 

 

 

 

 

 

Figure 4-9 (c) and (d) shows the results of Nyquist plots and obtained resistance of ASPI-2 thin film 

as a function of pressure under 80% RH, respectively. Unlike the results at 60% RH, the resistance of 

ASPI-2 did not increase linearly with increasing pressure at 80% RH between 0.1 and 0.2 MPa. However, 

it is worth noting that the resistance of ASPI-2 at 80% RH can recover to its initial value when the pressure 

is removed. This was also demonstrated in qualitative analysis above. Considering that increased 

humidity corresponds to a change in water uptake, more water molecule adsorption is therefore 

considered to be beneficial for maintaining the pressure sensitivity of ASPI-2. 

Material 
Pressure region 

(MPa) 

Sensitivity  

(MPa-1) 

ASPI-2 0.1-0.2 24 

Ag NW48 <0.5  1.62 

Si NM49 0-0.25  0.48 

Gold thin film50 0-0.16 0.4 

PDMS51 0-0.25 4.8 
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Figure 4-9. Nyquist plots (a) and resistance (b) of ASPI-2 thin film as a function of pressure under 60% 

RH; Nyquist plots (c) and resistance (d) of ASPI-2 thin film as a function of pressure under 80% RH 

To confirm that more water uptake is beneficial for maintaining the pressure sensitivity of ASPI-2, 

after measured measuring the change in resistance with pressure at 60% RH, the humidity was increased 

to 80% RH and kept for 1 h, then the humidity was decreased to 60% RH, and the resistance was 

measured again. The result is shown in the Figure 4-10. The resistance of ASPI-2 cannot return to its 

initial value when keep at 60% RH. But after being kept at 80% RH for 1 h, its resistance even became 

lower than the initial value. 
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Figure 4-10. (a) Nyquist plots and (b) resistance changes of ASPI-2 thin film under 60% RH conditions 

with and without pressure. 

To further confirm whether the recoverable resistance was caused by residual water or structural 

recovery, the adsorption-desorption curves of ASPI-2 were measured. As shown in Figure 4-11, when the 

humidity is less than 90% RH, the uptake of ASPI-2 under the same RH during the adsorption and 

desorption processes is the same, indicating that no excess water molecules were remaining during the 

desorption process. Combined with the results mentioned above, it is reasonable to consider that the 

recoverable resistance in ASPI-2 is caused by the recovery of the lamellar structure due to the lyotropic 

LC property. 
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Figure 4-11. Water uptake of ASPI-2 thin film as a function of RH during adsorption and desorption 

process. 

 

4.3 Conclusion 

In this chapter, the basic pressure sensitivity of three ASPIs (ASPI-1, ASPI-2 and APOS-PMDA) was 

investigated. The qualitative analysis of three ASPI materials shows that ASPI-1 has no pressure 

sensitivity, while ASPI-2 and APOS-PMDA show reproducible pressure sensitivity under high humidity 

conditions. Particularly, the resistance of ASPI-2 can be increased to 1.9 times higher than the initial 

resistance under the pressure, proving that ASPI-2 is a potential pressure-sensitive material. The 

quantitative analysis shows that the resistance of ASPI-2 thin film increases linearly with increasing the 

pressure between 0.1 and 0.2 MPa. Water molecules were shown to contribute to the recovery of the 

resistance of ASPI-2 and did not remain in the thin film during desorption, indicating the recoverable 

electrical resistance can be attributed to the recovery of the lamellar structure. 
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4.4 Future plan 

In this chapter, only the primary properties of ASPIs as pressure-sensitive materials were 

investigated. However, the mechanism behind this phenomenon has not been investigated in detail. For 

example, whether the increase in ion conduction resistance under pressure comes from the displacement 

of the polymer molecular chain or from the destruction of the orderly structure. Understanding the 

mechanisms involved has important implications for designing pressure pressure-sensitive ASPIs with 

higher sensitivity and a wider operating range.  

In addition, quantitative analysis of ASPI-2 is also crude due to equipment limitations. Based on the 

results at this stage, ASPI-2 exhibited a linear trend characteristic of piezoresistivity in the medium-

pressure range. However, it remains to be explored whether ASPI-2 can maintain this trend in the lower 

pressure range. Because the range in which the resistance can continuously and stably maintain a linear 

change directly affects the application scenario of the material, in the context of the rapid development of 

wearable health care applications today, people pay more attention to the performance of the material in 

low-pressure (1–10 kPa) or even subtle-pressure (1 Pa–1 kPa) range. This needs to establish a more 

accurate system to measure. 

Response speed and durability are another two important parameters for pressure pressure-

sensitive materials. These properties are not characterized in this study, which requires continued efforts 

by successors. 
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Chapter 5 

General Conclusions 
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5.1 Conclusions 

Ionomer thin film is a critical part of the triple-phase interface of polymer electrolyte membrane fuel 

cells (PEMFCs). It not only needs to act as a binder to link the Pt-loaded catalyst particles with the gas 

diffusion layer but also to undertake the transport of protons within the catalyst layer. Although Nafion has 

achieved great success as a standard material for proton transport with high physicochemical properties. 

However, the huge performance degradation when it is processed into ultrathin films forces people to 

search for more suitable ionomer materials. 

In chapter 2 and 3, the properties of sulfonated semi-alicyclic oligo- / polyimide as a highly proton-

conducting ionomer are explored by introducing alicyclic structures into the backbone. The effect of 

alicyclic structure on the ordered structure caused by the lyotropic liquid crystal properties was mainly 

studied. 

In chapter 2, a sulfonated semi-alicyclic polyimide (BSPA-BOEDA) with a dienophile structure in 

backbone was newly synthesized. A facile cross-linking reaction was carried out via Fe3+-catalyzed Diels–

Alder (D-A) reaction between BSPA-BOEDA and silica nanoparticles modified by (3-

cyclopentadienylpropyl) triethoxyslane (CPTS). Compared with BSPA-BOEDA, the cross-linked BSPA-

BOEDA-NPs membrane and thin film showed better stability in water. Because of the nonlinear molecular 

conformation of BSPA-BOEDA neither BSPA-BOEDA nor BSPA-BPEDA-NPs can form well-defined 

ordered structures but only form phase separation. The proton conductivity of BSPA-BPEDA-NPs thin 

film is lower than that of BSPA-BOEDA thin film due to the cross-linking, reaching maxima value of 0.01 

and 0.04 S cm-1 at 25 °C and 95% RH, respectively. 

In chapter 3, a sulfonated semi-alicyclic oligoimide (BSPA-CPDA) with a linear molecular 

conformation was newly synthesized. Benefiting from this conformation, the BSPA-CPDA thin film forms 

a lamellar structure similar to that of fully aromatic alkyl sulfonated polyimides driven by lyotropic liquid 

crystal properties, even the molecular weight is significantly lower. The BSPA-CPDA thin film exhibits a 

high proton conductivity of 0.2 S cm-1 at 95% RH, 25℃, which is the highest value among reported alkyl 

sulfonated polyimides with comparable molecular weight. 

Benefiting from the need to develop wearable healthcare applications, the development of novel 

materials that can respond to multiple stimuli simultaneously is a topic of note. Alkyl sulfonated polyimides 

(ASPIs), which are a kind of ion-conducting material, can be a candidate for multiple stimuli-responsive 



  119 

materials due to their natural sensitivity to humidity and temperature. 

In chapter 4, The measurement process of the resistance change of ASPI thin films under continuous 

pressure was newly established. The basic pressure sensitivity of three ASPIs (ASPI-1, ASPI-2 and 

APOS-PMDA) was investigated. The results show that ASPI-1 has no pressure sensitivity, while ASPI-2 

and APOS-PMDA show reproducible pressure sensitivity under humidified conditions. Particularly, the 

resistance of ASPI-2 thin film increases linearly with increasing the pressure between 0.1 and 0.2 MPa 

and the calculated sensitivity is 24 MPa-1. 

5.2 Future scope 

1. This thesis has revealed the effect of the alicyclic structures on the lyotropic liquid crystal properties 

and proton conductivity. However, there is still a lack of molecular dynamics explanation for the 

formation process of the lamellar structure driven by the lyotropic liquid crystal properties. Therefore, 

in future work, an appropriate model should be established to perform accurate simulation 

calculations on this phenomenon to provide data support for explaining the mechanism of lyotropic 

liquid crystal properties. In addition, only the proton conductivity of ASPIs has been systematically 

investigated so far, however, whether it can effectively improve the performance of fuel cells when 

applied in fuel cells is still unknown. 

2. As mentioned at the end of chapter 4, the exploration of the pressure sensitivity of ASPIs is still in its 

infancy. A more detailed investigation of the mechanism, response speed, durability, etc. is still 

required in future work. 
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Abstract of Minor Research 

In this study, sulfonated semi-alicyclic polyimide (BSPA-BOEDA) in the weight ratio of 5% as a binder 

was investigated for graphite anode in lithium-ion batteries (LIBs). The electrochemical properties of 

BSPA-BOEDA -based anodic half-cell were investigated. Compared to sodium carboxymethyl cellulose 

(CMC)-based anodic half-cells, the BSPA-BOEDA -based anodic half-cell exhibited a higher lithium-ion 

diffusion coefficient of 7.15×10-9 cm2s-1 (5.47×10-9 cm2s-1 for CMC). According to electrochemical 

impedance spectroscopy (EIS) results, BSPA-BOEDA -based anodic half-cell had lower interfacial 

resistance after cyclic voltammetry (CV) than CMC-based anodic half-cell. BSPA-BOEDA -based anodic 

half-cell showed higher discharge capacity at all current rates than CMC-based anodic half-cell. The 

highest discharge capacity of BSPA-BOEDA -based anodic half-cell was 161 mAh/g at 1C rate which is 

2 times higher than that obtained from CMC-based anodic half-cell (56 mAh/g).  

 

Keywords: water-soluble binder, discharge capacity, capacity retention, interfacial resistance, solid 

electrolyte interface (SEI) 

 

 


