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Sulfonated semi-alicyclic polyimides have issues with poor mechanical and chemical stability in
water. As described 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), of which the contained dienophile structure
can undergo Diels-Alder (D-A) reaction. Facile cross-linking reaction was conducted via Fe3*-
catalyzed D-A reaction between BSPA-BOEDA and silica nanoparticles (NPs) modified by (3-
cyclopentadienylpropyl) triethoxyslane (CPTS). Compared with BSPA-BOEDA, the cross-linked
BSPA-BOEDA-NP membrane and its thin film showed better stability in water. Humidity-
controlled grazing incidence X-ray scattering (GIXRS) revealed that an isotropic phase
segregation of 2 nm™ formed in both BSPA-BOEDA and BSPA-BOEDA-NP thin films. The BSPA-
BOEDA and BSPA-BOEDA-NP thin films exhibited high proton conductivity of 4 x 102 S cm™
and 1 x 102 S cm™, respectively, under 25 °C and 95% relative humidity (RH).

1. Introduction

Alkyl sulfonated polyimides (ASPIs) exhibit high proton conductivity and well-defined
lamellar-organized structures under humidified conditions because of a lyotropic liquid
crystalline (LC) property [1-10]. In practical use for polymer electrolyte fuel cells (PEFCs), the
polymer electrolyte ionomer in electrochemical reaction parts is always exposed under high-
humidity conditions. Therefore both mechanical and chemical stabilities are required in the
swelling state. However, ASPIs are adversely affected by poor mechanical and chemical
stability in water.

Sulfonic acid groups on the side chains of ASPIs can readily adsorb water molecules
through hydrogen bond interaction under high-humidity conditions. The water adsorption leads
to excessive swelling or even dissolution, resulting in a decrease in mechanical properties.
Generally, cross-linking can inhibit the plasticization of polymers and can enhance their
chemical and mechanical stabilities [11-13]. By introducing functional groups that are useful
for cross-linking in the main or side chains of SPI and by selecting appropriate cross-linking
agents, cross-linking effects on SPI properties can be explored systematically.

Some reports have described cross-linked SPI through the chemical cross-linking
method [14-16]. Okamoto et al. obtained membranes with markedly improved oxidative
stability by covalently cross-linked 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 details of the
effects of cross-linking on SPI membranes based on the reaction between acridine groups and
dibromoalkanes with different lengths. The hydrolytic stability of all cross-linked SPI films was
better than that of the uncross-linked SPI membranes [19]. Generally, these crosslinked
membranes exhibit lower water uptake and proton conductivity than uncross-linked
membranes. These outcomes are also caused by the introduction of SPI components that are
incapable of acting as proton-conducting carriers.

This study was conducted to develop a new design for cross-linked ASPI by Diels-Alder
(D-A) reaction to improve its mechanical properties and stability in solvents without reducing
its proton conductivity. Simultaneously, we explored cross-linking effects on water uptake
using an in situ quartz crystal microbalance (QCM) and the ordered structure using RH-



controlled grazing-incidence X-ray scattering (GI-XRS) of ionomer thin films. Findings revealed
that the cross-linked structure increased the stability of ionomer thin film in water while it did
not affect water uptake or proton conductivity markedly. The cross-linked thin film still
exhibited comparable proton conductivity to those of the reported materials.

2. Experimental
2.1 Materials

Triethylamine (TEA) and NaNOs were used as received from Kanto Chemical Co. Inc.,
Japan. Hydrochloric acid, m-cresol, acetic acid, acetic anhydride, methanol, acetone, N,N’-
dimethylformamide (DMF), and tetrahydrofuran (THF) were obtained from Fujifilm Wako Pure
Chemical Corp., Japan. 1,2,3,4-Cyclopentanetetracarboxylic dianhydride was purchased from
Tokyo Chemical Industry Co. Ltd., Japan. Cross-linking silica nanoparticles modified by 3-
(cyclopentadienylpropyl)triethoxysilane (CPTS) were obtained from Admatechs Co., Ltd.

2.2 Synthesis of monomer and cross-linkable polymer
3,3'-Bis(sulfopropoxy)-4,4'-diaminobiphenyl (BSPA) was synthesized according to
methods described in earlier reports, as shown in Figure 1 [1]. The final yield was 47%.
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Scheme 1: Synthetic route of BSPA monomer

The synthetic route of BSPA-BOEDA (polyimide) is shown in Scheme 2. First, 0.46 g (1
mmol) of BSPA and 0.25 g (1 mmol) of BOEDA were added to a three-necked flask with
magnetic stirring. Then 10 ml of m-cresol was added to the three-necked flask as a solvent. It
was then filled with 600 pl of triethylamine. 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. The
reaction was continued for 20 h. After the reaction, the resulting solution was cooled to room
temperature. It was further cooled in an ice bath for 30 min. The cooled solution was added to
100 ml of cold fresh acetone to obtain a white flocculent precipitate. After the solid product
was obtained by centrifugation, it was washed several times with acetone, and then dried
under vacuum overnight. The dried product was then dissolved in water. Ion exchange was
conducted using a glass column packed with ion exchange resin (Amberlyst 31WET; Organo
Corp.). This process was repeated several times to ensure that sulfonate was exchanged to
sulfonic acid to the greatest extent possible. The solvent was removed by rotary evaporation.

The final product BSPA-BOEDA was obtained after complete drying.
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Scheme 2: Synthetic scheme of BSPA-BOEDA as a new ASPI.

2.3 Membrane preparation
Cyclopenta-1,3-diene and its substituents are commonly used dienes in Diels-Alder (D-
A) reactions. The route used to synthesize the cross-linked BSPA-BOEDA by the crosslinker of



silica nanoparticles is shown in Scheme 3. 90 mg of BSPA-BOEDA and 10 mg of nanoparticles
(NPs) were dissolved in 2 ml of mixed solution of water and THF (1:1 in w/w). When the BSPA-
BOEDA and NPs were completely dissolved, ferric chloride hexahydrate (FeCl3-:6H20) was
added, followed by continued stirring until completely dissolved. Then, the solution was
transferred into a mold and heated at 50 °C to dry until the solvent was evaporated completely.
The prepared membrane was immersed into 100 ml of 1 M hydrochloric acid (HCI) to remove
Fe3*. After rinsing the membrane with H20, it was vacuum-dried at 60 °C overnight. Scanning
electron microscopy and energy dispersive X-ray analysis (SEM-EDX) confirmed that Fe3* was
ion-exchanged completely. The obtained membrane is denoted as BSPA-BOEDA-NPs.
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Scheme 3: Preparation of cross-linked BSPA-BOEDA-NPs.
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2.5 Thin film preparation

Spin coating (ACT-200 spin-coater; Active Co. Ltd.) method was used to prepare thin
films. BSPA-BOEDA was dissolved in the mixed solution of water and THF (1:1 in w/w). The
thin film thickness was controlled at ca. 500 nm. The Si (E&M Co. Ltd.), SiO2> substrates
(Sendai Sekiei Glass Seisakusho, Japan), and SiOz2-coated 9 MHz quartz crystals (Seiko EG&G
Co. Ltd.) were washed in advance with 2-propanol. Before thin film deposition, plasma
treatment (Cute-MP; Femto Science, Korea) was conducted to improve the hydrophilic
properties of the substrate surface.

To obtain cross-linked BSPA-BOEDA-NP thin films with good surface roughness, the NPs
were first dissolved in 300 pl of mixed solution of water and THF (3:4 w/w). Then they were
flowed through a filter film with 1 ym pore size to remove aggregated particles. To the filtered
solution of nanoparticles, 9 mg of BSPA-BOEDA was added and sonicated until it was dissolved
completely. Then the solution was cooled in an ice-water bath for 30 min before the addition of
1 mg of FeCl3-6H20. The spin coating method was used to prepare thin films, with the
thickness controlled at ca. 500 nm. After the prepared BSPA-BOEDA-NP thin films were
immersed into 100 ml of 1 M hydrochloric acid (HCI) to remove Fe3*, they were washed with
water and vacuum dried at 60 °C overnight. Scanning electron microscopy and energy
dispersive X-ray analysis (SEM-EDX) confirmed that Fe3* was completely ion exchanged.

2.6 Characterization
2.6.1 NMR spectroscopy

'H NMR spectra (Bruker Avance III 400; Bruker Analytik GmbH) were collected to
ascertain whether the monomer and polymer were synthesized successfully. Deuterated
dimethyl sulfoxide (DMSO-ds) containing 0.03% of trimethylsilane (TMS) was used.

2.6.2 Infrared (IR) spectroscopy

Fourier transform infrared spectroscopy of monomer and polymer was applied by
attenuated total reflection (FT-IR ATR, Nicolet 6700; Thermo Fisher Scientific Inc.) with a
ZnSe crystal. The analysis software used was OMNIC (Thermo Fisher Scientific Inc.). The
background spectrum and the sample spectrum were scanned 64 times. The obtained
spectrum was corrected using Advanced ATR Correction in the software. The measurement
range was 900-2100 cm™,

2.6.3 Gel permeation chromatography (GPC)
Molecular weight of BSPA-BOEDA was evaluated by gel permeation chromatography
(GPC). An LC-2000plus (Jasco Corp.) was used with Shodex GF-1G 7B and GF-7M HG columns.



The eluent was obtained by mixing 10.26 g of NaNOs, 600 ml of water, 400 ml of DMF, and 18
mL of acetic acid. The sample molecular weight was calibrated using standard polystyrene.

2.6.4 Water uptake

The water uptake was measured using a humidity-controlled in situ quartz crystal
microbalance (in situ QCM) system. Various degrees of relative humidity (RH) were generated
using a humidity generator (Bel Flow; MicrotracBEL Corp.) at 298 K. 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 a frequency counter (5313A; Agilent
Technologies) through a circuit. The weight change of the film is calculable using the
Sauerbrey equation as

am = 202 apy, (2-1)
where S represents the electrode surface area. Also, p and J respectively stand for the quartz
density and quartz shear modulus. F stands for the fundamental frequency of QCM substrate.

The number of water molecules adsorbed per sulfonic acid group (denoted as A) was calculated
using the formula shown below.

A= (i—l)x EW (2-2)

mo MHzO’
Therein, m represents the mass of the film under each humidity condition, mo represents the
film mass at the dry condition, M(H20) is the molecular weight of water molecules, and EW
expresses the equivalent weight of each polymer.

2.6.5 Density functional theory (DFT) calculation

The optimized molecular structures were calculated (Material Studio 2020; Dassault
Systémes). The calculations were 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. The convergence threshold for the
maximum force and maximum displacement for normal geometry optimization were set,
respectively, as 0.002 Ha A-! and 0.005 A.

2.6.6 Proton conductivity

The proton conductivity of the BSPA-BOEDA and BSPA-BOEDA-NP thin films in the
direction parallel to a substrate surface was measured using alternating current (AC)
electrochemical impedance spectroscopy (EIS). The frequency response analyzer and high-
frequency dielectric interface (SI11260 and SI11296; Solartron Analytical) were used to measure
the impedance. A humidity-controlled and temperature-controlled chamber (SH-221; Espec
Corp.) was used to control the humidity and temperature during the experiment. The
impedance was measured when AC voltage of 50 mV was applied. The frequency was scanned
in the range of 1 Hz to 10 MHz. Also, the RH was controlled to 40% - 95%. The temperature
was fixed at 298 K. The collected impedance values (R) were converted to the conductivity of a
thin film directly using
0= (2-3)
where t and / respectively stand for the film thickness and contact electrode length, and where
d represents the distance between the two gold electrodes.

3. Results and discussion
3.1 'H NMR spectra

The expected structure and 'H NMR spectra of the BSPA-BOEDA before and after ion
exchange are shown in Figure 1. Peaks from the possible by-products of amide or carboxyl
group were not observed, which proved that the imidization reaction was complete. The
integration of proton peaks in 'H NMR spectra showed good agreement with the number of
protons in both the expected backbone and side chain of BSPA-BOEDA structure. Before ion
exchange, the prepared polymer contained the triethylammonium as a counter cation of SO3-
unit, denoted as red arrows. After ion exchange to proton, the amount of triethylammonium
had decreased considerably, to less than 1% of that before ion exchange.
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Figure 1: 'H NMR (DMSO-ds) spectra for BSPA-BOEDA before and after ion exchange. Red
arrows indicate the positions of triethylammonium.

3.2 FT-IR ATR spectra

The FTIR-ATR spectra of BSPA and BSPA-BOEDA are shown in Figure 2. Absorption
peaks of vsym(C=0), Vasym (C=0) and v(C-N), which stood for the imide group, were observed
respectively at 1776 cm1,1710 cm™, and 1382 cm™ [20-23]. Because O(N-H) observed at
1629 cm! of BSPA monomer disappeared in BSPA-BOEDA, the imidization reaction was
indicated as completed. In addition, because d(C-N-H) (1530 cm™) of amic acid, which is an
intermediate of imidization reaction, was also not observed, we inferred that the imidization
reaction was completed. Absorption peaks at 1502 cm™ and 1573 cm derived from the
vibration modes of the phenylenediamine benzene ring skeleton v(C-C) were observed [24,
25]. Asymmetric stretching vibration bands of the sulfonated group were also observed
respectively at 1230 cm™ and 1189 cm™ [26]. The symmetric stretching vibration peak of
sulfonated groups was observed at 1031 cm [27]. Results of the FTIR-ATR measurements
demonstrated that imidization reaction proceeded sufficiently because amide and amic acid
were not observed. Furthermore, no by-product or unreacted product peak was observed.
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Figure 2: FTIR ATR spectra for 3,3'-BSPA monomer and BSPA-BOEDA.

3.3 Molecular weight by GPC
Molecular weight of BSPA-BOEDA was confirmed by GPC chromatogram. The calculation

results of molecular weight are shown in Table 1. The weight average molecular weight (Mw) of
BSPA-BOEDA was ca. 7.5 x 10* Because no other prominent peak in the monomer region was
observed, the polymer was regarded as having polymerized sufficiently.



Table 1: Molecular weight of BSPA-BOEDA by GPC

Mw Mn Mw/ Mn
BSPA-BOEDA 7.5 x 10* 2.5 x 10% 3.0

3.4 Solubility test

To demonstrate that the D-A reaction can take place between BSPA-BOEDA and cross-
linker, we carried out a solubility test by water. Solubilities were compared by immersing
BSPA-BOEDA (before crosslinking) and BSPA-BOEDA-NPs (after crosslinking) as membrane
forms in deionized water (Figure 3). The uncross-linked BSPA-BOEDA membrane dissolved
quickly, even without stirring, but the cross-linked BSPA-BOEDA-NP membrane was difficult to
dissolve. The marked change in solubility proves successful cross-linking by the D-A reaction.

BSPA-BOEDA BSPA-BOEDA-NPs BSPA-BOEDA BSPA-BOEDA-NPs BSPA-BOEDA BSPA-BOEDA-NPs

0 min 30 min 1h
BSPA-BOEDA  BSPA-BOEDA-NPs BSPA-BOEDA BSPA-BOEDA-NPs
-
\
- v
N -
2h 1 Day

Figure 3: Solubility test of BSPA-BOEDA membrane and BSPA-BOEDA-NP membrane in water.

3.5 Water uptake

Because the hydrogen bonding networks produced by water promote the transport of
protons, water uptake strongly affects the proton conductivity. Figure 4 shows the RH-
dependent water uptake of BSPA-BOEDA and BSPA-BOEDA-NP thin film, as measured using
QCM measurement. The adsorption isotherm of water molecules showed a similar tendency to
the adsorption isotherm of non-porous multimolecular adsorption. This uptake manner was
regarded as a change in the type of adsorbed water around the sulfonic acid groups [25, 26].
The BSPA-BOEDA and BSPA-BOEDA-NP thin film adsorption behaviors were similar with
respect to RH. The water uptake value increased gradually, concomitantly with RH. The water
uptake values of the two thin films were equal under low humidity (< 60% RH), but the BSPA-
BOEDA thin film showed a higher water uptake value (A = 13.8) than BSPA-BOEDA-NPs (A =
10.5) at 95% RH.
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Figure 4: Water uptake of BSPA-BOEDA and BSPA-BOEDA-NP thin films.
3.6 RH in situ GIXRS

GIXRS is a powerful tool for detecting molecular packing and ordering in molecular
organized thin films [28, 29]. We took RH-dependent in situ GIXRS measurements of the



BSPA-BOEDA and BSPA-BOEDA-NP thin films to assess semi-alicyclic main chain effects on the
lyotropic ordered structure. In Figures 5(a-d) and Figures 5(e-h), 1D and 2D scattering
images are shown respectively for the BSPA-BOEDA and BSPA-BOEDA-NP thin films. One
isotropic broad scattering peak around 2 nm in both out-of-plane and in-plane directions was
observed in both BSPA-BOEDA and BSPA-BOEDA-NP thin films under 95% RH, indicating that
the phase segregation was formed. According to our earlier reports, ASPIs can form lamellar
structures because of lyotropic LC property [5, 8, 10]. However, for this study, BSPA-BOEDA
and BSPA-BOEDA-NP thin films only formed a phase segregation structure: not a long-range

ordered lamellar structure along the thin film surface.
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Figure 5: 1D GIXRS profiles and 2D GIXRS images obtained BSPA-BOEDA and BSPA-BOEDA -
NPs thin films at 0% and 95% RH. (a) 1D GIXRS profile in the out-of-plane direction for the
BSPA-BOEDA thin film. (b) 1D GIXRS profile in the in-plane direction for the BSPA-BOEDA thin
film. (c) 2D GIXRS profile in the out-of-plane direction for the BSPA-BOEDA thin film. (d) 1D
GIXRS profile in the in-plane direction for the BSPA-BOEDA thin film. (e) 1D GIXRS profile in
the out-of-plane direction for the BSPA-BOEDA-NP thin film. (f) 1D GIXRS profile in the in-
plane direction for the BSPA-BOEDA-NP thin film. (g) 2D GIXRS profile in the out-of-plane
direction for the BSPA-BOEDA-NP thin film. (h) 1D GIXRS profile in the in-plane direction for
the BSPA-BOEDA-NP thin film.
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To elucidate reasons why only phase segregation was observed in BSPA-BOEDA and
BSPA-BOEDA-NP thin films, we strove to investigate the planarity of the main chain which
related with the lyotropic LC property. Figure 6 depicts the optimized oligomeric structures of 5
repeating units for BSPA-BOEDA and BSPA-CPDA (Figure 6b [10]) by DFT calculation. The
main chain of BSPA-BOEDA units showed lower planar rigidity. Therefore, the BSPA-BOEDA
and BSPA-BOEDA-NP thin films remained in an isotropic phase-segregated structure rather
than an anisotropic lamellar structure because the main chain rigidity necessary for the
expression of lyotropic LC properties was D‘much lower.

3
Figure 6: Optimized structures of five repeating units of BSPA-BOEDA and BSPA-CPDA. The
chemical structure of BSPA-CPDA is shown in Figure 6b [10].



3.7 Proton conductivity

The proton conductivity for the BSPA-BOEDA and BSPA-BOEDA-NP thin film is shown in
Figure 7 as a function of humidity at 25 °C. The proton conductivity increased concomitantly
with increasing RH, which was observed in typical proton-conducting polymers. The BSPA-
BOEDA thin film exhibited higher proton conductivity than BSPA-BOEDA-NP thin film under all
humidity conditions. The maximum proton conductivity reached 4 x 102S cm?tand 1 x 102 S
cm under 25 °C and 95% RH, respectively, for BSPA-BOEDA and BSPA-BOEDA-NP thin films.
Compared with ASPIs reported earlier, the proton conductivities of BSPA-BOEDA and BSPA-
BOEDA-NP were lower. This is true because BSPA-BOEDA and BSPA-BOEDA-NP only exhibit an
isotropic phase segregated structure, which is unable to promote proton transport effectively
along the in-plane direction. Table 2 shows the summary of thickness, proton conductivity and
its measurement conditions of reported cross-linked polyimide membranes [14-16, 19, 30-37].
Because our research assumes a material for ionomers, the thickness is reduced to
submicrometer order. Therefore, it is markedly thinner than those of other reported
membranes. Reportedly, the proton conductivity of Nafion membranes decreases considerably
as the thickness decreases [38]. This report is the first to describe proton conductivity
measured using a thin film. The results revealed that the proton conductivity obtained is
comparable to that of other thick membranes.
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Figure 7: Proton conductivity of BSPA-BOEDA and BSPA-BOEDA-NP thin films at 25 °C.

Table 2: Comparison of form, thickness, and proton conductivity of cross-linked materials

. ) T RH ¢ .
Material Form, Thickness /°C /% { S cm
(BtiliD;A‘-,VE;OrE)DA-NPs Thin film, approx. 500 nm 25 95 0.01
Ref. 15 Membrane, approx. 50 um 80 100 0.11
Ref. 16 Membrane, approx. 40 um 80 100 0.11
Ref. 19 _Spin coa?:ing, no thickness 9 100 0.07

information
Ref. 25 Membrane, approx. 30 um 30 90 0.093
Ref. 30 Membrane, approx. 50 um 90 90 0.1
Ref. 31 Membrane, 40-60 pm 40 100 0.0014
Ref. 32 Membrane, 20-60 ym 60 100 0.16
Ref. 33 Membrane, approx. 30 um 120 100 0.2
Ref. 34 Membrane, no thickness information 80 90 0.15
Ref. 35 Membrane, 35-45 um 60 100 0.14
Ref. 36 Membrane, no thickness information 30 95 0.061
Ref. 37 Membrane, no thickness information 60 100 0.17




4. Conclusion

As described herein, a semi-cycloaliphatic sulfonated polyimide (BSPA-BOEDA) with a
dienophile in its backbone was newly synthesized. A simple and readily available cross-linked
thin film (BSPA-BOEDA-NPs) was obtained through the Fe3*-catalyzed D-A reaction. The
stability in water, water uptake, morphology, and proton conductivity were investigated for
both BSPA-BOEDA and BSPA-BOEDA-NP thin films. Compared with BSPA-BOEDA, the cross-
linked BSPA-BOEDA-NPs 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-BOEDA-NP thin
film was less than that of BSPA-BOEDA under high-humidity conditions. Neither BSPA-BOEDA
nor BSPA-BOEDA-NPs formed well-defined ordered structures: they only formed phase
separation structures because of their less lyotropic LC property. The proton conductivity of
BSPA-BOEDA-NP thin film was slightly lower than that of BSPA-BOEDA thin film because of
cross-linking, respectively reaching maximum values of 0.01 and 0.04 S cm™ at 25 °C and
95% RH.
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