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Abstract

This study investigates the impact of alkyl side chain length on structural organization and proton
conductivity of sulfonated polyimide (SPI) thin films. SPIs with different alkyl sulfonated side
chain lengths CX (X: number of carbon atoms at the side chain, X = 0, 3, 6 and 10) were
synthesized and the relationship between molecular architecture and proton transport properties
was investigated. In all SPIs, the polymer backbone oriented parallel to the substrate, and the
lamellar structures were confirmed, with spacing increasing linearly with side chain length. Water
uptake behavior and proton conductivity varied significantly, where CO0 thin film exhibited the
highest water uptake and proton conductivity at lower humidity. While, C3 thin film achieved
higher conductivity under high humidity, reaching 1.8 x 107" S cm™! at 298 K and 95% relative
humidity (RH) and the activation energy of 0.18 eV at 90% RH. Conversely, extending the alkyl
side chain length led to the insolubility in water in C10. As a result, a proton exchange membrane
system with high chemical/water stability and high proton conductivity was constructed. These
findings provide critical insights into designing advanced proton-conducting materials, optimizing

their performance for fuel cells and other electrochemical devices.

1. Introduction

Proton-conducting polymers are essential materials in various applications due to their ability to

efficiently conduct protons.! These materials are particularly valuable for energy conversion



technologies, where their unique molecular architecture facilitates ion transport through phase-
segregated hydrophilic and hydrophobic domains, coupled with water-absorption capabilities.!"
Many polymers exhibiting proton conductivity have been widely reported and thoroughly
investigated. The structure of these polymers relies on phase segregation, which separates
hydrophobic and hydrophilic domains, along with the ability to absorb water. Proton transport
primarily takes place through the hydrophilic regions of these materials.>!° Recent advancements
in this field have highlighted the significance of structural organization and molecular orientation,
which can be influenced by intrinsic molecular interactions and external environmental conditions
such as hydrogen bonds, hydrophobic effects, pressure, electric fields, magnetic fields, and photo-

irradiation.'!13

For instance, Ichikawa et al. designed gemini-type zwitterionic amphiphiles for creating gyroid
nanostructured proton conductive membranes using a liquid crystalline (LC) property and
proposed surface proton hopping conduction mechanism.!*!*> Luo et al. demonstrated that well-
defined lamellar liquid crystals exhibited markedly higher proton conductivity compared to
micellar solutions.!® They used 1-tetradecyl-3-methylimidazolium hydrogen sulfate in aqueous
solutions and found that the lamellar lyotropic liquid crystals exhibited a proton conductivity of
0.21 S cm™ ! at 25 °C, significantly higher than that of micellar solutions under the same conditions.
Similarly, Yao et al. synthesized sulfonated semialicyclic oligoimides that formed a loosely
packed lamellar structure under humidified conditions, demonstrating remarkable proton
conductivity reaching 0.2 S cm™' at 298 K and 95% relative humidity (RH).!” This high
conductivity was attributed to the organized lamellar structure facilitated by the linear
conformation of the backbone. Additionally, Goto et al. prepared and structurally characterized

shear-aligned films of high proton conductive alkyl-sulfonated polyimides with lyotropic LC



properties. Their study showed that aligning the polymer chains in the in-plane (IP) direction of
the film significantly enhanced proton conductivity, achievingup to 10! S cm ™! at 298 K and 95%

RH.!®

One promising approach involves the use of sulfonated polyimides (SPIs), which can form
organized lamellar structures upon hydration by lyotropic LC properties.!” These lamellar
structures significantly impact proton transport properties, making them a focal point for
optimizing the performance of proton-conducting materials. Incorporating LC properties into
polymer design offers a promising avenue for enhancing proton conductivity.?’ Despite their
potential, the relationship between the molecular organized structure of SPIs, specifically the
length of alkyl side chains, and their proton conductivity remains underexplored. Understanding
this relationship is vital for optimizing the design of SPIs for high-performance proton-conducting
applications. Previous studies have highlighted that the organizational structure of polymer
electrolytes, including the formation of lamellar structures and the alignment of polymer
backbones, significantly influences proton transport.?! The length of alkyl side chains can affect
the spacing between lamellar and the overall morphology of the polymer, which in turn impacts

the material’s proton conductivity.

The objective is to provide insights into how side chain length X (X =0, 3, 6, 10) in the polymer
CX influences the formation of lamellar structures as shown in Figure 1, water uptake, proton
dissociation, and proton transport properties using a combination of analytical techniques,
including polarized optical microscopy (POM), infrared p-polarized multiple angle incidence
resolution spectrometry (pMAIRS),??? in situ quartz crystal microbalance (QCM), in situ grazing-
incidence X-ray scattering (GIXRS), and in situ Fourier transform infrared (FTIR) measurements.

By manipulating the alkyl side chain length, this study seeks to elucidate the relationship between



molecular organization and proton transport efficiency, guiding the development of advanced
materials for various electrochemical applications such as fuel cells, electrolyzers, and sensors.'!
The results from this research will contribute to a deeper understanding of the impact of alkyl side
chain length on the structural organization and proton conductivity of SPIs, thereby optimizing
their performance in practical applications. These findings will help in designing more efficient

and cost-effective proton-conducting materials, addressing some of the limitations of current

polymer electrolytes.
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Figure 1. Chemical structure of SPIs in this study. NTDA-BDSA (C0), NTDA-BSPB (C3),!
NTDA-BSHB (C6), and NTDA-BSDB (C10). (NTDA: 1,4,5,8-Naphthalenetetracarboxylic
dianhydride, BDSA: 2,2’-benzidinedisulfonic acid, BSPB: 3,3’-bis(sulfopropoxy)benzidine,

BSHB: 3,3’-bis(6-sulfohexyloxy)benzidine, BSDB: 3,3’-bis(10-sulfodecyloxy)benzidine)

2. Experimental



2. 1 Materials

1,10-Dibromodecane (95.0%), 1,6-dibromohexane (97.0%), 3,3’-dihydroxybenzidine (99.0%),
and 2,2’-benzidinedisulfonic acid (contains 30% water at maximum, 70.0%) were purchased from
Tokyo Chemical Industry Co., Ltd. 2-Propanol (99.7%), acetic acid (99.7%), acetic anhydride
(97.0%), acetone (99.0%), acetonitrile (99.5%), chloroform (99.0%), ethanol (99.5%), ethyl
acetate (99.5%), hexane (96.0%), hydrochloric acid (35.0-37.0%), iron(Il) sulfate heptahydrate
(99.0%), m-cresol (98.0%), N,N’-dimethylformamide (HPLC grade), potassium carbonate
anhydrous (99.0%), and sodium sulfite (97.0%) were purchased from Fujifilm Wako Pure
Chemical Corporation. 1,4,5,8-Naphthalenetetracarboxylic dianhydride (NTDA) (< 100%) was
purchased from Sigma-Aldrich. Triethylamine (99.0%) and sodium nitrate were purchased from
Kanto Chemical Co., Inc. Hydrogen peroxide (35%) was purchased from Nacalai Tesque, Inc. All

reagents were used without further purification otherwise noted.

2.2. Synthesis of Alkyl-Sulfonated Polyimides with Varying Side Chain Lengths

2.2.1. Synthesis of C0

The synthetic scheme for the polymer CO0 is shown in Scheme S1. BDSA includes around 30%
water as received so it was washed with acetone before use. 5.0 g of BDSA was dispersed in 200
mL of acetone, and it was stirred for 2 hours. After that, the solid was collected by filtration, then
dried at 70 °C overnight to obtain the dehydrated BDSA with 97% yield. Other reagents were
purchased with high purity from commercial suppliers and used without further purification. 0.13
g NTDA (0.50 mmol) and 0.17 g BDSA (0.50 mmol) were put into a three-necked flask. Since
BDSA was highly hygroscopic, it was weighed and purged into the flask as soon as possible. Then

5 mL of m-cresol and 150 puL (1.1 mmol) of triethylamine (TEA) were added and stirred under an



Ar atmosphere at room temperature to neutralize the sulfonic acid groups in BDSA. The mixture
was heated to 170 °C for 6 hours under stirring to synthesize C0. After the reaction, the reaction
liquid was poured into 200 mL of ice-cold acetone to precipitate polymers, then the polymer was
collected by centrifugation at 7500 rpm for 3 minutes. The solid was further washed with ice-cold
acetone 3 times with the same centrifugation condition, then dried in a desiccator. The obtained
polymer was dissolved in 250 mL pure water under stirring at room temperature, and subjected to
ion exchange using the cation exchange resin Amberlite 31 WET (Organo) to yield protonated CO.
The amount of resin was adjusted so that the ion exchange capacity was four times greater than
the amount of sulfonic acid groups in the polymer. The solution was passed through the resin five
times to ensure complete ion exchange. The polymer solution after the ion exchange was dried
using a rotary evaporator (Yamato Scientific), then dissolved in a small amount of water (~20 mL)
and vacuum-dried overnight in a vacuum specimen dryer VSD-95 (Ishii Shoten). The product yield
from the monomer was 60%. The degree of protonation, determined from the integral ratio of the
TEA peak in the 'H nuclear magnetic resonance (NMR) spectrum, was 98%. NMR spectrum is
shown in Figure S1. IR (cm™'): 1710 (vc=o, sym), 1667 (vc=o0, asym), 1581 (vc=c), 1468 (vc=c),
1350 (ven), 1251 (vs-o0, asym), 1200 (vs-o0, sym), 1028 (vs-o (SO"), asym). Sym and asym denote
the symmetric and asymmetric modes, respectively. The weight-average molecular weight (M)

and polymer dispersity of C0 were 3.5 x 10° and 5.5, respectively.

2.2.2. Synthesis of C6

3,3’-Bis(6-sulfohexyloxy)benzidine (BSHB), essential for the synthesis of C6, was newly
synthesized. The synthetic scheme of BSHB is illustrated in Schemes S2a to S2f, and the details

for BSHB synthesis is provided in Figures S2 and S3, Supporting Information.



The synthetic scheme for the polymer C6 is shown in Scheme S3. In a three-neck flask, 0.27 g
(0.50 mmol) of BSHB and 0.13 g (0.50 mmol) of NTDA were added, and the flask was equipped
with a condenser and purged with Ar gas. Then, 5 mL of m-cresol and 150 puL (1.1 mmol) of TEA
were added to neutralize the sulfonic acid groups in BSHB, and the mixture was refluxed with
stirring at 150 °C for 6 hours to synthesize the polymer. After the reaction, the reaction liquid was
poured into 200 mL of ice-cold acetone to precipitate polymers, then the polymer was collected
by centrifugation at 7500 rpm for 3 minutes. The solid was further washed with ice-cold acetone
3 times with the same centrifugation condition, then dried in a desiccator. The obtained polymer
was dissolved in 400 mL pure water under stirring at room temperature, and subjected to ion
exchange using the cation exchange resin Amberlite 31WET (Organo) to obtain C6. The amount
of resin was adjusted to achieve an ion exchange capacity four times greater than that of the
sulfonic acid groups in the polymer. The solution was passed through the resin five times to ensure
complete ion exchange. The ion-exchanged solution was dried using a rotary evaporator and then
dissolved in a small amount of water (~20 mL) and vacuum-dried overnight in a vacuum specimen
dryer. The yield from the monomer was 62%, and the degree of protonation determined from the
"H NMR spectrum as shown in Figure S1 was 97%. IR (cm™'): 2940 (vc.n (CHz), asym), 2859 (vc-
1 (CHz), sym), 1713 (vc-o, sym), 1670 (vc-o, asym), 1580 (vc=c), 1468 (dc-n (CHz), asym), 1451
(ve=c), 1349 (vcn), 1249 (vs-0, asym), 1198 (vs-0, sym), 1035 (vs-o (SO"), asym). The peaks from
the amide group and carbonyl group were not observed, suggesting that imidization was completed.

The My and polymer dispersity of C6 were 3.6 x 10° and 3.9, respectively.

2.2.3. Synthesis of C10



The diamine monomer 3,3’-bis(10-sulfodecyloxy)benzidine (BSDB) was synthesized partly
following the previous report by Yasuda and Miyatake et al.>**> The details for BSDB monomer

synthesis are shown in Schemes S4a to S4d and Figure S4 in Supporting Information.

The synthetic scheme for the polymer C10 is shown in Scheme S5. In a three-neck flask, 0.33 g
(0.50 mmol) of BSDB and 0.13 g (0.50 mmol) of NTDA were added, and the flask was equipped
with a condenser and purged with Ar gas. Then, 5 mL of m-cresol and 150 puL (1.1 mmol) of TEA
were added to neutralize the sulfonic acid groups in BSDB, and the mixture was refluxed with
stirring at 150 °C for 6 hours under stirring to synthesize the polymer. After the reaction, the
reaction liquid was poured into 200 mL of ice-cold acetone to precipitate polymers, then the
polymer was collected by centrifugation at 7500 rpm for 3 minutes. The solid was further washed
with ice-cold acetone 3 times with the same centrifugation condition, then dried in a desiccator.
The resulting polymer was insoluble in deionized water, hence ion exchange was performed using
a hydrochloric acid solution. Specifically, the sample was immersed in a 200 mL of 1 mol L™
hydrochloric acid solution in ethanol for 12 hours, the solid was collected by centrifugation at 7500
rpm for 3 minutes. The solid was dispersed in 100 mL ethanol, and collected by centrifugation
with the same centrifugation condition. This process was repeated three times. The progress of the
ion exchange was confirmed by the disappearance of the TEA peak in the '"H NMR spectrum.
After that, the solid was washed with 40 mL ethanol 4 times to completely remove hydrochloric
acid. Finally, the sample was vacuum-dried at 50 °C to obtain C10. The yield from the monomer
was 83%. As shown in Figure S1, the absence of residual TEA peaks in the "H NMR spectrum
indicates that protonation was almost complete. IR (cm™): 2925 (vc_n (CHa), asym), 2853 (vc-n
(CH»), sym), 1715 (vc=0, sym), 1672 (vc-o, asym), 1580 (vc=c), 1467 (dc-u (CHz2), asym), 1448

(ve=c), 1347 (vcN), 1248 (vs-0, asym), 1196 (vs-o, sym), 1032 (vs-0 (SO7), asym). It should be



noted that the peak positions of asymmetric vc-n (CH2) at 2925 cm™!, symmetric vcn (CHa) at
2853 cm !, and asymmetric dc_n (CHa) at 1467 cm™! are consistent with those of straight-chain
hydrocarbon dodecane (asymmetric vcn (CHz) at 2926 cm™!, symmetric ven (CHz) at 2953 cm™!
and asymmetric dcn (CHz) at 1464 cm™'). This indicates that the carbon atoms at side-chain
dominantly aligned in trans conformation. The M, and polymer dispersity of C10 were 1.4 x 10°
and 3.5, respectively. Toward the fuel cell application, the chemical stability of C10 membrane
was examined. We investigated the Fenton’s test by immersing the ~100 um C10 membrane in
freshly prepared 3% H>O: aqueous solution containing 2 ppm Fe?" ions at 80 °C for 1 hour (See
Supporting Information for details). We found that the C10 membrane retained its morphology
and weight after the Fenton’s test. Moreover, little decrease of molecular weight was detected, and
trace of removal of the side chain group or the imide ring-opening was not observed from 'H NMR

(Figure S5) and attenuated total reflectance-IR (ATR-IR, Figure S6) spectra.

2.3. Characterization of SPIs

2.3.1. 'H Nuclear Magnetic Resonance ("H NMR) Spectroscopy

Obtained monomers and polyimides were identified using 'H NMR spectra. The measurements
were performed using an AVANCE III 400 MHz (Bruker) spectrometer. The measurement
solutions were prepared by dissolving the monomers and polyimides in deuterated dimethyl
sulfoxide (DMSO-ds) containing 0.03% trimethylsilane as an internal reference. A volume of 500
pL of the prepared solution was taken in an NMR sample tube. The identification of peaks and the

calculation of integration values were performed using the 1D NMR analysis software.

2.3.2. Fourier Transform Infrared Spectroscopy with Attenuated Total Reflectance (FTIR

ATR)

10



The synthesized polyimides were identified using Fourier transform infrared spectroscopy with
attenuated total reflectance (FTIR ATR). The measurements were carried out using a Nicolet 6700
(Thermo Fisher Scientific) spectrometer, and OMNIC software (Thermo Fisher Scientific) was
used for analysis. The ZnSe prism was cleaned with ethanol, and a background measurement was
performed without the sample. After the background measurement, each SPI powder was placed
on the prism to cover it, and the powder was pressed onto the prism using a compression device
before measurement. Both background and sample measurements were performed with 32 scans.
The obtained spectra were corrected for distortion using the Advanced ATR Correction feature in

OMNIC.

2.3.3. Gel Permeation Chromatography (GPC)

The molecular weights of the synthesized polyimides were measured using gel permeation
chromatography (GPC). The measurements were performed using an LC-2000plus (JASCO
Corporation) instrument. The GPC eluent was prepared by dissolving 10.26 g of NaNOs3 in 600
mL of distilled water and 400 mL of N,N -dimethylformamide, followed by the addition of 18 mL
of acetic acid. The molecular weights were calculated by comparison with a standard calibration
curve. The standard calibration curve was created by measuring standard polystyrene samples with
known molecular weights (Mw = 759000, 126700, 16000, 1690) dissolved in the mobile phase

solution at 5 wt%.

For C10, which was insoluble in the above eluent, the eluent of N,N’-dimethylformamide with
0.01 M LiBr was used and the measurements were performed using a KD-806M column (Shoko
Science Co., Ltd.). Standard polyethylene glycol samples with known molecular weights (My =

759000, 580000, 290000, 101000, 23600) were used to create the standard calibration curve.

11



2.4. Preparation of Thin Films by Spin Coating

Thin films used for structural and orientation evaluation, water molecule adsorption, and proton
conductivity measurements were prepared by spin coating. Each SPI was dissolved in a mixed
solvent of deionized water: tetrahydrofuran (THF) = 1: 1. The spin coating was performed using
an Active Spin Coater ACT-220D (Active). Concentration of the solution was optimized to obtain
approximately 500 nm film thickness. For orientation evaluation, a high-resistance Si wafer
(Electronics and Materials Corporation) was used as the substrate, and for proton conductivity
measurements, Si0> was used as the substrate. As a pretreatment, the substrates were immersed in
2-propanol and subjected to ultrasonic treatment for about 30 minutes. Immediately before thin
film fabrication, the substrates were plasma-treated using a plasma apparatus Cute (FEMTO
SCIENCE) to remove adhered organic compounds and improve the wettability of the substrate
surface. The thickness of the films was evaluated using a white light interferometer (WIM) and an
atomic force microscope (AFM). For the thin films deposited on SiO; substrates, the films were
scratched in a grid pattern using a cotton swab moistened with a water/THF mixed solution, and
the thickness was determined by averaging the thicknesses measured at four edges using WIM.
Similarly, for the thin films deposited on Si substrates, the films were scratched in a cross pattern
using a cotton swab moistened with a water/THF mixed solution, and the thickness was determined

by averaging the thicknesses measured at four arbitrary points using AFM.

2.5. Polarizing Optical Microscopy (POM)

The internal structure of each polyimide thin film was evaluated using polarizing optical
microscopy (POM). The measurements were performed using a BX51-P (Olympus) microscope

and a DP28 camera (Olympus). The data were recorded using CellSens Controller software.

12



2.6. Infrared p-Polarized Multiple Angle Incidence Resolution Spectrometry (IR pMAIRS)

The molecular orientation of the thin films was measured using p-polarized multiple-angle
incidence resolution spectrometry (IR pMAIRS). IR pMAIRS is a type of infrared spectroscopy
that simultaneously acquires spectra in the IP direction, parallel to the substrate, and the out-of-
plane (OP) direction, perpendicular to the substrate.>> Measurements were performed on films
deposited on high-resistance Si substrates using a Nicolet 6700 (Thermo Fisher Scientific)
spectrometer, and pMAIRS software (Thermo Fisher Scientific). To avoid interference from water
vapor peaks, the instrument was thoroughly purged with dry air or dry N> before measurement.
The incident angle of the substrate was varied from 38 to 8° in 6° increments, making six
observations. The vertical axis to the substrate is defined as 0°. Spectra at each angle were
accumulated 64 times. A background spectrum was first recorded with the Si substrate alone,
followed by measurement of the substrate with the deposited film. The average orientation angle

can be determined using the following equation:

ZAIp

=tan~!
¢ TL4HAop ?

(1
Where Aip and Aop represent the absorbance of each band in the IP and OP spectra, respectively,
and ¢ is the orientation angle from the substrate’s vertical direction. As correction factors, 7 is the

refractive index of SPI, taken as 1.6, and H is the substrate correction factor, taken as 0.13.

2.7. In situ Quartz Crystal Microbalance (QCM) Measurement under Controlled Humidity

The water molecule adsorption of each SPI thin film was determined using a homemade in situ
quartz crystal microbalance (QCM) system. The RH was controlled using a humidity generator

(Bel Flow, Nippon Bell) by mixing appropriate amounts of dry nitrogen and humid nitrogen. The

13



QCM substrate was connected to an oscillation circuit and a frequency counter (5313A, Agilent
Technologies) and set in a custom-built humidity chamber equipped with a high-resolution RH
sensor (TR-72wf, T&D Corporation). The weight change Am of the thin film was determined using

Sauerbrey's equation:

Am = ZXPE S (ZAF), (2)

2XF2

where S represents the electrode surface area, p and u denote the quartz density and quartz shear
modulus, and F stands for the fundamental frequency of the QCM substrate. The water molecule

adsorption amount per sulfonic acid group, 4, was determined using the following equation:

A= (Z-1)x-23)

mo MHzO

where m signifies the film mass at each RH, myo stands for the film mass at the 0% RH, M0
denotes the molecular mass of water molecular, and EW expresses the equivalent weight of each
SPI. The EW values for each SPI are as follows: C0 is 289 geq !, C3is 346 geq !, C6is 389 g

eq !, and C10is 445 geq .

2.8. In situ Grazing Incidence X-ray Scattering (GIXRS) Measurement under Controlled

Humidity

The structural changes in each SPI thin film during humidification were measured using in situ
grazing incidence X-ray scattering (GIXRS) under controlled humidity. An ultra-bright X-ray
generator FR-E (RIGAKU) was used with a Cu Ka X-ray source. The collimated X-ray beam
(approximately 300 um in diameter) was directed at the sample, and the diffraction was detected

using an imaging plate X-ray detector R-AXIS IV (RIGAKU). The substrate samples were placed

14



on a grazing incidence measurement stage (tilting stage ATS-C316-EM / Z-axis stage ALV-300-
HM, Chuo Precision Industrial Co., Ltd.) and irradiated with X-rays at an incident angle of
approximately 0.2°. The camera length was set to 300 mm, and the direct beam was blocked by a
beam stopper. The RH inside the Kapton film cell was controlled by a vapor generator BELFlow

(Nippon Bell) and measurements were taken at 0 - 95% RH at room temperature.
2.9. Alternating Current (AC) Impedance Measurements

The IP proton conductivity of SPI thin films was measured using the alternating current (AC)
impedance method. The thin films, cut into squares of approximately 5 mm on each side, had gold
paste applied to both ends, with gold wires attached to serve as electrodes. The impedance of the
thin films was measured using a 1260 Impedance/gain-phase analyzer (Solartron Analytical), an
amplifier 1296 Dielectric interface (Solartron Analytical), and a constant temperature and
humidity chamber SH-221 (Espec Corp.). An AC voltage of 50 mV was applied, and the
impedance was measured while scanning frequencies from 1 Hz to 10 MHz. Measurements were
taken at a temperature of 25 °C and humidity ranging from 40% to 95% RH or at a humidity of
90% RH and temperature ranging from 20 to 80 °C. Proton conductivity (¢) was calculated using
the following equation:

d
=—, 4
o=qrW

where d is the distance between electrodes, R is the resistance obtained from the AC impedance
measurement, / is the electrode length, and ¢ is the film thickness, respectively. The activation
energy (Ea) of the proton conduction was calculated according to the Arrhenius equation as

following equation (5):

15



Eq
ol = Op eXp(— E) s (5)

therein, R, T, and oo respectively represent the gas constant, temperature and pre-exponential factor,

respectively.
2.10. In situ FTIR Measurement under Controlled Humidity

The adsorption process of water molecules and the acid dissociation state of sulfonic acid groups
were analyzed using in situ FTIR under controlled humidity. The same measurement apparatus as
described in Section 2.3.2 was used. A transmission cell with CaF, windows was constructed, and
the RH inside the cell was controlled using a precise small-scale humidity generator me-40DP-

2PW (Micro equipment). Measurements were conducted at 0 - 95% RH.
2.11. Computational Screening for Stable Conformations

The SMILES codes of C0, C3, C6 and C10 polymer units were used to create the 3D polymer unit

coordinates of 100 different molecular conformations using the experimental-torsion-knowledge

d26-28 t 29

distance geometry (ETKDG) version 3 metho implemented in the Python library RDKi
The potential energy of each conformation of polymer unit was evaluated by the universal neural
network potential (UNNP) called PreFerred Potential (PFP) version 4.0°° including dispersion
correction (D3)*!32 using the Matlantis software package.>* The geometry optimization of each
conformer was carried out by the limited-memory Broyden-Fletcher-Goldfarb-Shanno (L-BFGS)
algorithm with fmax = 0.01 convergence criteria. All the conformers relative potential energy to

each other were determined and used to calculate Boltzmann distribution. The preferable

conformations were visualized using Ovito software.>*

3. Results and Discussion

16



3.1 POM Observations

Previous studies have shown that alkyl-sulfonated polyimide thin films exhibit an organized
structure with LC domains visible under POM.?! To investigate the effect of different alkyl side
chain lengths, POM observations were performed on the synthesized SPI thin films. Figure 2
shows the POM images of C0 (Figures 2a and 2b), C3 (Figures 2c and 2d), C6 (Figures 2e and
2f), and C10 (Figures 2g and 2h) thin films, respectively. Birefringence was observed in all SPI
thin films, with domains approximately 100 pm in diameter detected in each sample. While C3
thin film has been previously reported to exhibit birefringence,?! this study confirms that altering
the carbon number in the alkyl side chain also results in birefringence across all samples,
confirming the LC properties in all SPI thin films. Additionally, the shape of the LC domains
varied with the carbon number of the alkyl side chain, indicating that the side chain length

influences the morphology of these domains.

17



Figure 2. POM images of (a and b) C0, (c and d) C3, (e and f) C6, and (g and h) C10 thin films

at 0 and 45°, respectively.

3.2 IR pMAIRS Results for Backbone Orientation

Aromatic polyimides are known for their rigid and planar structures, which typically result in the
polymer backbone aligning parallel to the substrate when cast as thin films.* This alignment has
been previously observed in C3 thin films.!* To investigate the alignment of the other SPI thin
films, we performed IR pMAIRS measurements of approximately 500 nm thickness SPI thin films

on Si substrates, as shown in Figure 3. For all polymers, peaks corresponding to the symmetric

18



stretching vibration vsym(C=0) and asymmetric stretching vibration vasym(C=0) of the imide ring
were observed at 1720 cm ™! and 1680 cm ™!, respectively. Additionally, the stretching vibration
W(C-N) of the C-N—C linkage along with the main chain direction appeared at 1350 cm™'. Peaks
at 1250 cm™! and 1190 cm™! were attributed to the asymmetric Vasym(S=0) and symmetric
vsym(S=0) stretching vibrations of the sulfonate groups, respectively. The peak at 1030 cm ™! was
assigned to the asymmetric stretching vibration vasym(S=0) of the dissociated sulfonate groups
(SO37). For polyimide thin films with alkyl chains, the bending vibration dasym(C—H) of the
methylene groups was observed at 1470 cm™!. The significant difference between the IP and OP
absorbance in the IR pMAIRS measurements reflects the anisotropic orientation of the molecular
structure. All thin films exhibited stronger IP absorbance than OP absorbance for the C=O
symmetric and C—-N stretching vibration modes, indicating that the polymer backbones were
oriented parallel to the substrate. The average orientational angle of the polymer backbones
estimated from equation (1) and C—N stretching vibration mode for C0, C3, C6, and C10 thin

films was 61, 60, 62, and 63°, respectively. These results suggest that the backbone alignment is

consistent regardless of the alkyl side chain length.
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Figure 3. IR pMAIR spectra for (a) CO0, (b) C3, (c) C6, and (d) C10 thin films, respectively. IP x2

corresponds to twice-multiplied IP absorbance for clear discussion of the orientation angle.

3.3 Water Uptake by QCM

The number of absorbed water molecules is a crucial parameter in considering lyotropic LC
properties. To quantitatively discuss the water uptake, in situ QCM measurements were conducted
under controlled humidity. Figure 4 shows the RH-dependent water uptake per -SO3H group 4 of
the SPI thin films at 25 °C, calculated from equations (2) and (3). The water adsorption isotherms
exhibited behavior similar to that of non-porous multilayer adsorption isotherms, indicating a
transition from monolayer to multilayer water adsorption. The CO thin film demonstrated the
highest water uptake in the 20 - 70% RH range, and at > 80% RH regions the uptake was consistent

with C3 and C6. The C10 thin film exhibited the lowest water uptake among four SPI thin films
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in the whole RH region, and this tendency was remarkable under high humidity conditions. This
lower water uptake is attributed to the lower hydrophilicity of C10, as evidenced by its insolubility

1n water.
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Figure 4. RH-dependent water uptake plots for C0, C3, C6 and C10 thin films.

3.4 Structural Analysis Using GIXRS: Effects of Humidity and Side Chain Length on

Lamellar Spacing

To investigate the internal structures, in situ GIXRS measurements were conducted under
controlled humidity conditions. Figure 5 presents the 2D GIXRS images at 50% and 95% RH (See
also Figures S7 to S10), and their 1D profiles for both IP and OP directions for each SPI thin film.
Table 1 summarizes the d spacing and assignment in the IP and OP directions. For comparison,
previously reported data for C3 thin film were also shown in Figure 5(b).2! The C3 thin film has
been reported to form a lamellar structure due to its lyotropic LC properties. In Figure 5(b), a
scattering peak in the OP direction at a = 3.1 - 6.8° corresponds to the lamellar spacing. This

scattering peak increased in intensity and shifted to lower angles with increasing humidity,
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indicating enhanced regularity, and expanded spacing of the lamellar structure due to water uptake.

In the IP direction, a scattering peak corresponding to the polymer unit length (d = 1.6 - 1.7 nm)

was observed.
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50% (left) and 95% RH conditions (right). The horizontal and vertical directions correspond to the

IP and OP directions, respectively. Also, their projected 1D profiles in the IP and OP directions at

22



each RH were shown at the right side of each 2D images, respectively. 26 and a correspond to the

scattering angles in IP and OP directions, respectively.

Table 1. d spacing and assignment in the IP and OP directions of SPI thin films

d spacing / nm

Thin film direction 0% RH 95% RH assignment
OP 0.67 2.2 lamellar
Cco P 0.83 0.83 secondary scs:f;rll:fgi)}f the polymer
3 OP 1.3 2.9 lamellar
IP 1.6 1.6 polymer unit length
C6 OP 1.4 4.0 lamellar
1P 1.6 1.6 polymer unit length
c10 OP - 5.1 lamellar
1P 1.7 1.7 polymer unit length (broad)

Figure 5(a) showed a scattering peak at o = 4.0 - 13.2° in the OP direction for the CO0 thin film,
indicating the formation of a lamellar structure. The lamellar spacing increased from 0.67 nm at
0% RH to 2.2 nm at 95% RH, which was narrower compared to the C3 thin film due to the absence
of the side chains. Moreover, in the IP direction, the secondary scattering of the polymer unit
length was observed at 0.83 nm. This assignment was further verified from the GIXRS
measurement of the shear-oriented C0 thin film (Figures S11 and S12 in Supporting Information).
Figure 5(c) showed that C6 thin film exhibited a scattering peak at a =2.2 - 6.3° in the OP direction,
with the lamellar spacing increasing from 1.4 nm at 5% RH to 4.0 nm at 95% RH, indicating wider
spacing compared to the C3 thin film. Figure 5(d) showed that the C10 thin film did not exhibit a
lamellar scattering peak from 5% to 50% RH. However, at RH > 60%, a scattering peak in the OP
direction corresponding to the lamellar structure was observed, suggesting that the C10 thin film

formed a more ordered structure with increasing humidity. The lamellar spacing reached 5.1 nm
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at 95% RH, which was further wider than that of the C6 thin film. It is to be noted that the lamellar

spacing at 95% RH in C10 was the largest among reported the SPI thin film.!"-!

These findings indicate that all SPI thin films form lyotropic lamellar structures upon hydration,
with lamellar spacing increasing with longer alkyl side chains. Figure 6(a) presents a schematic
illustration of the proposed lamellar structures of each SPI thin film at 95% RH. Figure S13 plots
the lamellar spacing against the carbon number of the alkyl side chains at 95% RH, showing a
nearly linear relationship. This result demonstrates that the lamellar spacing in SPI thin films can
be controlled by the length of the alkyl side chains. Figure S14 plots the lamellar spacing against
the water uptake 4 obtained from in situ QCM measurements, showing that the lamellar spacing
increases linearly with water uptake. Figure 6(b) plots the lamellar spacing at 4 = 10 for each SPI

thin film, showing a nearly linear relationship to the number of carbon atoms at A = 10.
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Figure 6. (a) Schematic illustration of the proposed lamellar structures of each SPI thin film at
95% RH. Orange plates correspond to the polyimide backbone planes. Light blue balls represent

the absorbed water molecules, whose amount was varied based on the experimental water uptake
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amount from QCM measurement. (b) Relationship between the number of carbon atoms at the side

chain and lamellar distance at the water content of A =10.

3.5 Impact of Side Chain Length on Proton Conductivity and Proton Dissociation

The RH-dependent proton conductivity of C0, C3, C6, and C10 thin films parallel to the organized
lamellar structure is shown in Figure 7(a), as calculated from equation (4). The logarithm of the
proton conductivity exhibited a linear increase with RH. At 95% RH and 25 °C, the proton
conductivities were 7.5 x 1072 S cm™! for the CO0 thin film, 9.6 x 102 S cm ™' for the C6 thin film,
and 3.4 x 1072 S cm™! for the C10 thin film. These values are higher than that of Nafion thin film
with similar thickness at 298 K and 95% RH,*’ and comparable to SPIs with bent and aromatic
dianhydride backbones among the reported SPIs.?! It has been reported that C3 thin film
demonstrated a proton conductivity of 1.8 x 107" S cm™! at 95% RH and 25°C.!* These results
indicated that SPI thin films with an alkyl side chain length of three carbon atoms exhibited highest
proton conductivity under > 70% RH, while at low RH regions, the conductivity was highest in
SPI without an alkyl chain. Additionally, as the alkyl side chain length increased from three carbon
atoms, the conductivity decreased. Since the influence of water molecule adsorption on proton
conductivity is significant and water molecules facilitate the proton transport, the proton
conductivities were plotted against the water uptake 4 (Figure 7(b)). All thin films exhibited an
increase in conductivity with an increase of 4, reaching maximum conductivity at maximum water
uptake. When comparing proton conductivities at the same water uptake levels, the C3 thin film
displayed highest proton conductivity at water uptake levels above 4 = 5. The proton conductivity
of the CO thin film was highest around 4 = 3.5. This is attributed to the lower pKa value of the
proton in this SPI compared to the other SPIs, facilitating easier proton dissociation and transport.

On the other hand, at 95% RH, C3 thin film showed a higher scattering intensity and smaller full
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width at half-maximum than CO thin film (C0: 0.99°, C3: 0.84°) of lamellar scattering from the
GIXRS (Figure 4). This result indicates that C3 exhibits a more ordered organized structure than

C0, possibly one factor for higher proton conductivity in C3 thin film than CO thin film at high

RH.

To get insight into the conduction mechanism, the temperature dependence of proton
conductivity was investigated in the temperature range of 20-80 °C at a constant RH of 90%
(Figure S15). In cases of the CO0 thin film, proton conductivity could not be measured due to the
dissolution of the thin film by humidification at high temperatures. The estimated activation
energies (£, in equation (5)) for proton conduction of C6 and C10 thin films are 0.21 eV and 0.25
eV, respectively. It has been reported that the E, of the C3 thin film was 0.18 eV.2! These results
indicate that the activation energy increases with the length of the side chain. Comparing C3, C6
and C10, the longer lamellar distance was revealed at 95% RH as the alkyl side chain length
increased (Table 1), while the water uptake of C3 thin film was comparable to that of C6 thin film
and higher than that of C10 thin film at 95% RH (Figure 4). These indicate the decrease in density
of water in the lamellar structure at longer side chain length. Moreover, from GIXRS scattering at
95% RH, the peak width of lamellar scattering in the OP direction increased as the side chain
length elongated (C3: 0.84°, C6: 0.91°, C10: 0.93°). Also, the scattering assignable to the
monomer unit length in IP profiles was more intense and sharper in C3 compared with C6é and
C10. These were possibly derived from the enhanced alkyl side chain motion at longer side chain
length. These results indicate the longer-range ordering of the organized structure in C3 than in
C6 and C10 at high RH. These resulted in the formation of a less smooth proton conduction

pathway, higher £, and lower proton conductivity as the side chain length X increases.
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To gain further insights into water molecule adsorption, RH in situ FTIR measurements were
conducted to analyze the adsorption process under controlled humidity. Figures S16-S19 show the
results for SPI thin films in the whole regions, and Figures 7(c) to (f) shows the same spectrum in
the range of 950 - 1850 cm™! for discussing the proton dissociation state, vide infra. In all materials,
a broad absorption band attributed to the OH stretching vibration of water molecules appeared at
3420 cm !, increasing in absorbance with humidity. This frequency is consistent with that of bulk

water.3037

The RH-dependent deprotonation of the sulfonic acid groups was also analyzed. In Figures 7(c)
to (f), the absorption attributed to the asymmetric stretching vibration vaisym (S=0O) of dissociated
sulfonic acid groups (SO3~) was observed at 1030-1040 cm ™! in all spectra.’®>° The rate of proton
dissociation (PD) from sulfonic acid groups at different RH levels was calculated using the

following formula:

PD = Sx(s03)~S0(s03)

S95(s03)~S0(s03)

x 100, (6)

where Sx(so3-) corresponds to the peak area of visym(S=0) at x% RH. Figures S20-23 show PD
plots against RH from formula (6). The increasing trend of proton dissociation from sulfonic acid

groups varied among the different polyimide thin films with RH.

The CO0 thin film showed the most steep increase of PD at low RH among the four SPIs (~75%
PD at 40% RH), while the other SPI thin films with alkyl side chains showed up to 60% PD at
40% RH. The higher acidity (lower pKa) of CO (pK. = —2.5) compared to C3 (pK, = —0.6)*
explains the differences in proton dissociation trends. The proton dissociation trend, which differs

due to the presence or absence of alkyl side chains, significantly impacts proton conductivity.
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Proton conduction occurs through vehicle mechanisms and the Grotthuss mechanism involving
protons dissociated from sulfonic acid groups. Thus, the higher proton dissociation rate of C0 at
up to 40% RH contributes to the higher proton conductivity. Clear differences in proton

dissociation trends were not observed among polyimides with different alkyl side chain lengths.
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Figure 7. (a) and (b) Proton conductivity for C0, C3, C6, and C10 thin films as a function of (a)
RH and (b) water uptake /. (¢) to (f) RH-dependent in situ FTIR spectra in the wavenumber region
between 950 - 1850 cm™! for (¢) €O, (d) C3, (e) C6, and (f) C10 thin films. Blue, right blue, green,
pink, orange and red lines correspond to the spectra measured at 0%, 20%, 40%, 60%, 80% and

95% RH, respectively.

3.7 Computational Analysis of Alkyl Side Chain Length Impact on Proton Conductivity

The computational conformation analysis allowed us to elucidate the effect of the alkyl side chain

length on proton conductivity. The potential energy landscape of conformations (> 1% probability
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distribution) in each SPI units without water molecules is shown in Figure S24. C3, C6 and C10
had one stable conformation as shown in Figure 8, and the interaction between the adjacent
sulfonic acid groups or sulfonic acids group and the polymer backbone was observed. On the other
hand, there is no clear energy difference among the conformers in C0 due to the absence of such
interactions. The structural difference between the most stable conformation in Figure 8 and the
conformations close to it is just the small change in the rotation angle of sulfonic acid groups or
phenyl ring in BDSA. C3 polymer unit had a side chain length that is optimal for bridging the acid
anhydride monomers, stabilizing the dimerized state of sulfonic acid groups. In contrast, the side
chain was too short in C0 polymer unit, whereas the side chains in C6 and C10 polymer units are
too long, resulting in the destabilization of the dimerized state of the sulfonic acid groups. As
shown in Figure 7(b), the C3 thin film showed higher proton conductivity than longer-side chain
analogue C6 or C10 thin film at a low humidification range (4 <4). Also, the proton conductivity
of C3 thin film was comparable with that of lower pK. analogue CO thin film at A ~ 4. The
calculation results showed that the side chain of C3 has an appropriate length to form a close
contact of the sulfonic acid groups in a hydrophobic environment. This result could be one factor

to explain the high proton conductivity of C3 thin film in the lower hydrated state.
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Figure 8. Stable conformations of C0, C3, C6 and C10 polymer units. Black: carbon; blue:

nitrogen; red: oxygen; yellow: sulfur, white: hydrogen.

The results of this study illustrate the significant impact of alkyl side chain length on the
structural organization and proton conductivity of SPI thin films. Using various analytical
techniques, it was found that all SPI thin films formed lyotropic lamellar structures upon hydration,
with lamellar spacing increasing with longer alkyl side chains. This structural organization was

consistent across all samples, as evidenced by IR pMAIRS results showing parallel backbone
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alignment to the substrate. Water uptake varied with side chain length, with the CO0 thin film
exhibiting the highest uptake and the C10 thin film the lowest due to differences in hydrophilicity
and possessing high oxidation durability. Proton conductivity measurements revealed that C3, with
a three-carbon alkyl side chain, achieved the highest proton conductivity and lowest activation
energy, attributed to its optimal side chain length, facilitating efficient proton transport.
Computational analysis supported these findings, demonstrating that C3’s side chain length was
ideal for bridging acid anhydride monomers and advantageous in high proton conduction at low

hydration state.

4. Conclusion

This study systematically examined the effects of varying alkyl side chain lengths on the structural
organization and proton conductivity of SPI thin films. The formation of lamellar structures was
confirmed across all SPI thin films, with lamellar spacing increasing as the length of the alkyl side
chain increased. GIXRS measurements showed that the lyotropic lamellar spacing increased with
humidification; the spacing for CO thin film increased from 0.67 nm to 2.2 nm. The lamellar
spacing increased as the alkyl chain increased, and for C10 thin film, it reached 5.1 nm at 95%
RH. At the same water uptake amount (4 = 10) or at the highest RH, the lamellar spacing exhibited
a nearly linear relationship with the number of carbon atoms in the side chain, indicating that side
chain length directly influences the structural organization. Additionally, IR pMAIRS results
indicated that the backbone alignment was consistent across all SPI thin films, with the polymer
backbones oriented parallel to the substrate irrespective of the side chain length. This uniform
alignment plays a crucial role in maintaining the structural integrity and facilitating proton

transport.
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Water uptake behavior was significantly influenced by the alkyl side chain length. QCM
measurements demonstrated that the CO0 thin film showed higher water uptake at lower RH levels
compared to other SPIs, while the C10 thin film exhibited the lowest water uptake due to its lower
hydrophilicity and possessing high oxidation durability. Proton conductivity measurements
revealed that the C3 thin film displayed the highest proton conductivity at high humidity levels,
reaching 1.8 x 10! S em™! at 95% RH and 25°C. The conductivity decreased with increasing alkyl
side chain length, with the C0 thin film showing 7.5 x 107 S cm™!, the C6 thin film at 9.6 x 1072
S cm™!, and the C10 thin film at 3.4 x 1072 S cm™ .

In situ FTIR analysis showed that the proton dissociation rate from sulfonic acid groups varied
with side chain length and humidity. The CO thin film had a higher proton dissociation rate at
lower humidity levels compared to the other SPIs, attributed to its lower pK. value (—2.5). This
higher dissociation rate contributed to its superior proton conductivity at low humidity. The
presence of alkyl side chains influenced the Vehicle and Grotthuss mechanisms of proton transport,
with C3 providing optimal conditions for efficient proton conduction due to its balanced side chain
length, which was supported by theoretical calculations.

Overall, this research elucidates the critical role of alkyl side chain length in determining the
structural and proton conductive properties of SPI thin films. By understanding and manipulating
these molecular characteristics, the performance of SPIs in energy applications can be optimized.
These findings provide a valuable framework for designing advanced materials with enhanced

proton transport efficiencies.
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