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ABSTRACT Alkyl sulfonated polyimides (ASPIs), as alternative polymer electrolyte for fuel cells,
are known to exhibit lyotropic liquid crystalline behavior upon water uptake, forming organized
lamellar structures and achieving high proton conductivity. Previous experimental studies have
shown that ASPIs with planar backbones exhibit enhanced proton conductivity (0.2 S/cm)
compared to those with bent backbones (0.03 S/cm). To explain this difference at the atomistic
level, molecular dynamics simulations were conducted using universal neural network potential.
The appearance of monomer unit length in planar ASPIs, indicating higher molecular order, was
found to correlate with higher proton conductivity compared to bent ASPIs. Despite the similar
deprotonation and solvation of sulfonic acid groups in both planar and bent ASPIs, the proton
conductivity was independent of these factors. Directional mean square displacement analysis

provided further insights into the differences in the proton conductivity between planar and bent

types.

1. Introduction



Perfluorinated sulfonic acids (PFSAs) such as Nafion, are popular polymer electrolytes for fuel
cells with a hydrophobic backbone containing fluorine atoms and flexible side chains with ether
and sulfonic acid groups (SOsH).!? Sulfonic acid groups are capable of binding water molecules
through hydrogen bonds and through deprotonation of SO3H groups, providing proton transport at
high water content. However, PFSAs have limitations in high-temperature and low-humidity
conditions, which have led to the development of alternative polymer electrolytes for fuel cells.
Sulfonated polyimides (SPIs) have been studied as alternative electrolyte for fuel cells, because of
their high chemical and thermal stability.>~ In previous experimental studies,®® the thin film form
of alkyl sulfonated polyimides (ASPIs) showed an anisotropic lyotropic lamellar structure,
confirmed by humidity-controlled grazing incidence X-ray scattering (GI-XRS) measurements.
This organized structure constructs long-range conduction paths!®, while the linear expansion of
the lamellar structure and improved structural ordering was revealed from water uptake. This,
resulted in high proton conduction up to 0.1 S/cm at 298 K and 95% relative humidity (RH) due
to the smooth proton conduction along the polymer backbone. Furthermore, the degree of
molecular order enhances the proton conductivity with increasing molecular weight.®!"!2 Further
study’ was conducted to understand the effects of backbone modification for the design of ASPIs

with enhanced proton conductivity.
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Figure 1. Chemical structures of planar (ASPI-1 and ASPI-2) and bent (ASPI-3 and ASPI-4)

backbone ASPIs.

Thus, two types of backbones (Figure 1) were synthesized: planar (ASPI-1 and ASPI-2) and bent
(ASPI-3 and ASPI-4) backbones. Both planar and bent exhibited a humidity induced lyotropic
lamellar structure, and water uptake enhanced the molecular order via lamellar expansion. The
backbone planarity affected the arrangement of interchain packing in the organized lamellar
structure. ASPI forms a lyotropic lamellar phase in which the main chain and side chains are
segregated. The arrangement of the main chain structure within the lamellar organization can be
considered analogous to a thermotropic liquid crystal. This structure can be categorized into two
types: one where the monomer units are aligned to form a hierarchical lamellar structure,
resembling a main-chain smectic phase, and another where there is no distinct arrangement of the
main chain, resembling a main-chain nematic phase. The planar ASPIs exhibited a smectic
ordering and higher proton conductivity reaching 0.1 S/cm, while the bent ones showed a nematic

ordering and lower proton conductivity (Table 1).



Table 1. Structural information’ of planar (ASPI-1 and ASPI-2) and bent (ASPI-3 and ASPI-4)

backbone ASPIs.
Tvoe of Smectic Proton Lamellar Lamellar
Entry b aZl[()b one /Nematic conductivity! distance! distance’
[S/em] [A] [A]
ASPI-1 Planar Smectic 0.179 29 13
ASPI-2 Planar Smectic 0.196 30 16
ASPI-3 Bent Nematic 0.029 31 17
ASPI-4 Bent Nematic 0.080 79 15

Tat 298 K and 95% RH. 2at 298 K and 5% RH.

Despite comprehensive experimental studies on the structure, water uptake, and proton
conductivity of ASPIs, the lack of atomistic level understanding of these features and mechanisms
prevents the rational and fast design of new types of ASPIs with enhanced proton conductivity. To
fill this gap, we employed molecular dynamics (MD) simulations with universal neural network
potential (UNNP) method to investigate and deepen our understanding on the structural, water

uptake, and proton conductivity differences between planar and bent backbone ASPI types.

Several investigations have been conducted on the water uptake and proton transport mechanisms
in PFSA and other electrolytes using various computational chemistry methods, including first-

13,14, semi—empiricalls, classical force-field'®, and coalrse—grained17 MD simulations.

principles
These studies provided valuable insights for simulating and analyzing water uptake and proton

conductivity. However, considering both Grotthuss and vehicle mechanisms, the understanding of

proton conductivity remains a complex and challenging task.

To elucidate the mechanism of proton conduction, Peterson et al.'® utilized the empirical valence

bond (EVB) approach to explore the Grotthuss mechanism in Nafion, uncovering a complex



interplay between vehicular and Grotthuss mechanisms that resulted in a relatively modest net
proton diffusion rate. Luduena et al.'* investigated the proton conduction in poly(vinyl phosphonic
acid) using density functional theory (DFT) based MD simulations, highlighted the role of water
molecules in facilitating local proton hopping (Grotthuss mechanism) and maintaining hydrogen-
bonding networks. Zhang et al.'®, using reactive force field (ReaxFF) MD simulations to treat
Grotthuss mechanism, focused on amine-based membranes and examined how different functional
groups and polymer backbones influence the proton conductivity. Recent advances by Mabuchi et
al.**2? ysing a modified EVB approach on PFSA have provided further insights into proton
conductivity, considering both Grotthuss and vehicle mechanisms. Among the abovementioned
methods, we decided to use UNNP method in this study, which offers a promising opportunity to

simulate proton conductivity at a new level, enabling long-timescale simulations that incorporate

both mechanisms.

Koyama et al.'® conducted DFT calculations on CF3SOsH and CH3SOsH, highlighting the superior
proton dissociation and hydration properties of hydrocarbon-based sulfonic acids under low
humidity conditions. Pozuelo et al.'® employed classical MD simulations to reveal the enhanced
naked proton diffusion compared to hydrated protons in sulfonated poly(phenyl sulfone). Further

classical MD simulations by Park et al.**

compared PFSA and SPI, identified differences in water
channel formation and phase separation that impact the proton transport. Furthermore, Ohkubo et
al.** and Bahlakeh et al.?® investigated the structural and transport properties of Nafion, sulfonated
polyether sulfone, and sulfonated poly(ether ketone), to elucidate the effects of hydration and the

1.17

degree of sulfonation on membrane performance. Hu et al."” used dissipative particle dynamics

(DPD) on PFSA and SPI provided further insights into the mechanisms of water uptake. However,



to the best of authors’ knowledge, no molecular level investigation has been performed on ASPIs

to date.

2. Methodology

2.1 Computational

2.2.1 Simulation details

The simulations were performed using the UNNP called PreFerred Potential*® (PFP) version 4.0,
including dispersion correction D3?, using the Atomic Simulation Environment ?® implemented
in Matlantis® software package. The simulation results were visualized by Chemcraft’® and
Ovito®! software. A systematic simulation process was carried out to prepare the equilibrated bulk
phase for the four different ASPIs (Figure 1). We created a single polymer chain with five
repeating units (n = 5) (Figure S1), and each initial simulation box was constructed using five
single polymer chains, which were randomly placed along a and b axes and aligned in the direction
of the ¢ axis (Figure S2). Furthermore, the ¢ axis of the simulation box was different from the a
and b axes (60 A), considering the length of the pentamer units for the initial simulation box.
Therefore, the initial ¢ axis was set to 80 A for ASPI-1 and ASPI-2, while it was set to 100 A for
ASPI-3 and ASPI-4. Geometry optimization using the Fast Inertial Relaxation Engine (FIRE)
algorithm was performed with fmax = 0.1 convergence threshold, followed by 50 ps NVE
calculation to prepare the initial configuration for the equilibration process, inspired by a
previously reported®*3* 21-step equilibration process for polymers. Considering the size of the
system (nearly 2000 atoms), the limitations of PFP, and the excessive calculation time, we
performed only 6-step equilibration process (Table S1) with shorter simulation time for each

ASPIs. Each 100 ps NVT calculation at 298 K was followed by a 100 ps NPT simulation at the



same temperature, initially applying 100 bar pressure only on the a and b axes, then decreasing it
to 50 and 1 bar, applying pressure on all axes (Table S1, Eq. ver. 1). Furthermore, additional 6-
step equilibration processes (Table S1, Eq. ver. 2 and Eq. ver. 3) with higher temperature (650 and
1000 K) and higher pressure (300 and 150 bar) were also performed, however without significant
changes in the equilibration results (Figure S3 and S4). This procedure allowed for the formation
of polymer into a lamellar structure. After the 6-step equilibration process, a 500 ps NVT
production simulation was performed to determine the dry bulk phase. The last snapshot of the

equilibrated bulk phase of ASPIs is shown in Figure S3.

The different hydration level simulations were carried out using the last snapshot of the 500 ps
NVT production simulation of the bulk phase to gain insight into the volume expansion and proton
conductivity upon water uptake derived from lyotropic liquid crystalline properties. These
simulations were performed only ASPI-1 and ASPI-3 due to computational time constraints. First
100 water molecules were randomly placed into the system, achieving water uptake per sulfonic
acid group of 4 =2 (100 H2O/50 SOsH). Geometry optimization of the entire system was then
performed using the FIRE algorithm with fmax = 0.1 convergence threshold. The equilibration
process was performed with a 50 ps NVT calculation at 298 K, followed by a 100 ps NPT
simulation at 1 bar on the same temperature, while applying pressure on all axes of the simulation
box, and a final 50 ps NVT simulation (Table S2, 3-step). Two additional equilibration processes
were also performed, incorporating the 6-step equilibration process with room (Table S2, 6-step
ver. 1) and higher temperature (Table S2, 6-step ver. 2) for A = 2. However, the difference within
the equilibration results is not significant to perform longer equilibration time (Table S3). Based

on 3-step equilibration process , this was repeated for 1 =4, 6, 8, 10, and 12, always using the last



snapshot of the previous equilibration process. Furthermore, 2 ns NVT production calculations at

298 K were performed for A =2, 6, and 12 for discussing the proton conductivity.
2.2.2 Analysis of the simulation results

The pairwise (N-N, S—O, S-S, C-0O, O-H) radial distribution functions (RDF) were analyzed to
determine the structural features in the dry and humidified states. Eq. (1) was used to determine

the probability distribution of B atoms at a distance » from an A atom:

N
ga-p(r) = 4nzl23dr/73 &)

where ng is the number of B atoms located at a distance 7 in a shell with thickness dr from atom
A, N3 is the total number of B atoms, and V is the total volume of the system. Furthermore, the

coordination number (ng) between A and B atoms was determined using Eq. (2):
N
np = 4TS [12g, p(r)dr (2)

All the pairwise RDFs were determined by the Ovito software using the coordination analysis and

element-wise RDF.

The interaction energy (4Eint) was estimated for each ten snapshots of the whole 500 ps NVT

product simulation and averaged with Eq. (3)
AEine = Epuik — (Ea + Eg) (3)

where Evuik refers to the energy of the entire bulk phase, Ea corresponds to the energy of one single
polymer chain, and Eg is the energy of the remaining four single polymer chain (Figure S6).

Additional quasi-harmonic analysis was performed to calculate the free energy (4G), which results



are reported in the supporting information. The degrees of deprotonation of SO3H for each A were
determined by dividing the average number of SO3™ by the total number of S in the system. The

SO~ group was judged to be fully deprotonated when the O—H distance exceeded over 1.1 A.

The diffusion coefficient and proton conductivity were estimated from the mean square
displacement (MSD) of both the Grotthuss and vehicle mechanisms. Proton hopping between
H30" and H>O, as well as between SOsH and H>O, was considered for the Grotthuss (G)
mechanism, thus the MSD of the hydrogen atoms of these groups was calculated. For the vehicle
(V) mechanism, the oxygen atoms of H3O" were considered by identifying those bonded to three
nearby hydrogen atoms within a bond distance of 1.1 A. Proton hopping events were excluded by
updating the reference oxygen atom when a proton switch occurred, ensuring that only vehicle
transport was tracked. Therefore, the MSD of the oxygen atoms in the H3O" were calculated. The

MSD curves were determined using Eq (4):

MSDgy = %ZL [(rj(t) - rj(O))z] “4)

where N is the total number of atoms (Grotthuss and vehicle), and rj(t) and 7(0) are the positions
at time ¢ and the beginning of the simulation, respectively. The diffusion coefficients (D) of

Grotthuss and vehicle were evaluated from the MSD curves (Einstein relation) based on Eq (5):
6N t—o0

Doy = Zlim 2 (50 = 5©@) | )

The Grotthuss and vehicle proton conductivity (o6 and o) was determined based on the Nernst-
Planck ionic transport formalism'® from the individual diffusion coefficients according to Eq (6),

while the final proton conductivity was the sum of the individual proton conductivity values:

10



szezDG/V
0= oGy = —p— (6

where N is the number of hydrogen or hydronium atoms (Ny or N30 in Table S3), z is the charge
number, and e is the elementary charge. V' is the total volume of the system, 7 is the absolute
temperature, and & is the Boltzmann constant. Please refer to the supporting information for further
details regarding the values of each A =2, 6, 12 systems (Table S3). Furthermore, two alternative
approaches were also considered to determine the diffusion coefficient and proton conductivity,

which is discussed in the supporting information.
2.2 Experimental

The densities of ASPI-1 and ASPI-2 were estimated by X-ray reflectometry (XRR) using
PANalytical X’Pert Pro MPD diffractometer with Cu Ka radiation source. Each ASPI was
dissolved in a mixed solvent of deionized water: THF (1:1), and spin coating was performed using
the Motofit program package®* using the generic algorithm in the JGOR Pro* environment. The
densities of ASPI-3 and ASPI-4 were calculated using a custom designed in situ QCM system.
The QCM substrate was connected to an oscillation circuit and frequency counter (5313A, Agilent
Technologies) and set in a custom-built humidity chamber equipped with a high-resolution RH
sensor (THQ-100P-SW; Tamadevice Co., Ltd, Japan). The area of the thin film was, where the
films were scratched in a 5 mm ® using a cotton swab moistened with a water/THF mixed solution.
The thickness of the films was measured by scanning the height profiles of the scratched films
using Alpha-Step D-500 (KLA Tencor, USA). The weight m of the thin film was determined using

the Sauerbrey's equation:

= 2Pk (—AF) (6)

2XF2
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where S represents the electrode surface area, p and u denote the quartz density and quartz shear
modulus, F stands for the fundamental frequency of the QCM substrate, and AF represents the

frequency difference before and after the fabrication of the ASPI thin film.
3. Results and discussion
3.1 Structural features of the bulk phase of ASPIs in under conditions

To validate the reliability of our computational models, we first compared the computed densities
of the equilibrated forms of all ASPIs with the experimentally determined bulk densities. The
computed density of the final equilibrated bulk showed similar values for all ASPIs, which were
relatively high for ASPI-1 (1.34 g/cm®) and ASPI-3 (1.30 g/cm®) and low for ASPI-2 and ASPI-4
(1.28 g/cm®) (Table 2, Figure S7). These values were slightly lower than the experimental results,
where ASPI-1, 2, and 4 showed similar values (1.53-1.55 g/cm?), while ASPI-3 was lower (1.47
g/cm®). This nearly 0.2 g/cm?® difference between the experimental and computational results was
consistent with the results of a previous simulation study *® on Nafion showing 0.2 g/cm? difference

from the experimental values.

Table 2. Computational and experimental density results for the different ASPIs.

Entry Computed Experimental
Density [g/cm’]  Density [g/cm?]
ASPI-1 1.34 1.55+0.03
ASPI-2 1.28 1.53+£0.04
ASPI-3 1.30 1.47+0.02
ASPI-4 1.28 1.54+0.02

The N-N RDF was used to characterize the structural features of both the single polymer chain

and the bulk phase of ASPIs. The single polymer chain analysis revealed the key units of the

12



polymer chains based on the 1%, 2", and 3™ nearest neighbor distances between the backbone
nitrogen atoms (Figure 2). Thus, we distinguished three main units with specific distances for each
ASPI, namely the dianhydride, biphenyl, and monomer units. The N-N distance of the biphenyl
units was 10 A for all ASPIs, while the dianhydride and monomer unit distances varied depending
on the ASPIs. ASPI-1 and ASPI-2 showed shorter distances for both the dianhydride and monomer

units, while ASPI-3 and ASPI-4 showed longer distances (Figure 2).

biphenyl
unit
30 ASPI-1 1 ond = 10.1 A 0 ASPI-2 10 snd = 10.0 A
2 s e 25 s
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Figure 2. The N-N RDF for the single polymer chains (n = 5) of ASPIs to define the key units

within the single polymer chain.

The single polymer chain structure analysis was utilized to distinguish the complex features of the
bulk phase. The bulk phase N-N RDF showed similarities to the single polymer chain N-N RDF
(Figure 3), allowing us to assign the three units of the single polymer chain. We confirmed the
dianhydride unit of ASPI-1 and ASPI-2 at 7 A, that of ASPI-3 and ASPI-4 at 11 A and the biphenyl
unit at 10 A for all ASPIs. However, a key difference was found for the monomer unit: ASPI-1

and ASPI-2 showed gn-n peaks at 17 A, while this peak was not observed for ASPI-3 and ASPI-4

13



at 21 A (Figure 3). Our previous experimental results of GI-XRS’ were similar to these
observations, as the scattering peaks derived from monomer unit length were observed in planar
backbones ASPIs (ASPI-1 and ASPI-2) at 16 A along the polymer chain, while the scattering peak
was absent in bent ones (ASPI-3 and ASPI-4). The former ASPIs can be attributed to the smectic
ordering, while the latter ones are to the nematic ordering, respectively. Therefore, our calculation
results successfully reproduced the smectic/nematic ordering of the planar (ASPI-1 and ASPI-2)

and bent (ASPI-3 and ASPI-4).

6 [ ]

dianhydride dianhydride monomer "’5"?’; g;

; ; . —— aspi-
5 unit (1,2) biphenyl unit (3,4) unit (1,2) asSi-B &)
! unit (1-4) 1 P aspi-4 (4)

missing
monomer
unit (3,4)

24

Figure 3. The N-N RDF for the bulk phase of ASPIs, where the dashed lines indicate the single
polymer chain units (dianhydride, biphenyl, and monomer). The additional peaks are artifacts

arising from the boundaries of the simulation box.

Besides the single polymer unit gnn peaks, we observed additional peaks with significant
probability intensities at 10-24 A range. These peaks are artifacts arising from the boundaries of
the simulation box. Based on the GI-XRS results, ASPI-1 showed a shorter lamellar distance (13
A), while ASPI-2, 3, and 4 showed longer distances (16 A) under dry conditions. To gain insights

into the shorter lamellar distance in ASPI-1, we calculated the interaction energies between

14



individual polymer chains in the bulk phase. The interaction energy can be used to quantify the
different noncovalent interactions (H-bond, n—n, CH-=m etc.) between polymer chains. ASPI-1
showed stronger interaction energy, while ASPI-2, -3, and -4 showed weaker interaction energies
(Figure S8). This could be one of the explanations for the difference in the lamellar distances, as
the stronger noncovalent interactions between the polymer chains could shorten the lamellar

distance in ASPI-1.

3.2 The effect of hydration level on the structural features

The densities of ASPI-1 and -3 showed a decreasing trend upon increasing hydration level (Figure
S9) as in previous computational studies.!***37 Understanding how the hydration level affects the
structural features of ASPIs is crucial for optimizing the proton conductivity. The N-N distances
of the dianhydride, biphenyl, and monomer units of the single polymer chain were not affected by

the water content (1) regardless of the ASPIs (Figure S10).
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Figure 4. Change of the volume and lamellar distance in function of hydration level (A) from

computational simulations (A) and experimental investigations’ (B).

The expansion of the lattice parameters and cell volume of the bulk phases of ASPI-1 and -3 are
shown in Figure 4A and S11. The volume expansion of each hydration level was similar between
ASPI-1 and ASPI-3 and showing similar linear increasement trends as the experimental lamellar
distance upon water uptake (Figure 4B). ASPI-1 and -3 showed different tendencies in expansion,
thus @ and b axes expanded simultaneously in ASPI-3, while b axis expanded preferentially
compared with a axis in ASPI-1. This can be explained by the previously discussed interaction

energy, as the stronger noncovalent interactions in ASPI-1 prevent the water diffusion between

16



polymer chains, thus causing pronounced expansion in one direction. The expansion of the ¢ axis
was not significant compared to the a and b axes, and no differences were found between the two

ASPIs in this regard.

Furthermore, the S—S and S—O RDF analyses provided information regarding changes in the
sulfonic acid group upon water uptake. The S—S RDF was investigated to gain insights into the
hydration of SOsH (Figure S12). The splitting of the gs_s peak was observed at 5 A for both ASPI-
1 and -3 by hydration, implying the solvation of sulfonic acid, as the distance increased between
the two sulfur atoms of SO3H upon interaction with water. The S—O RDF showed that the first gs-
o double peak changed into a single peak for both ASPI-1 and -3 (Figure S13), indicating the
deprotonation of SO3H during solvation. The S—O distances in SO3H in the presence of a proton
can be divided into two short (S=0, 1.50 A) and one long (S—OH, 1.55 A) distances, which upon
deprotonation change into three similar distances (1.50 A). The second coordination environment
of S---O is the interaction between SO3H and backbone C=0 or another SO3H at dehydrated state.
After hydration, the SO3™ group interacts only with the coordinated water, and the S---O distance
increases from 3.5 to 3.8 A. Furthermore, the water uptake also affected the deprotonation of
sulfonic acid, with almost 90% of the SO;~ form being achieved, reaching saturation at 4 > 8
(Figure S14). The C-O RDF (Figure S15), O-H RDF (Figure S16), and O-O RDF (Figure S17)
analyses provided further information regarding the structural changes, which is discussed in the
supporting information. Overall, no differences, except for the dimensional expansion were
observed between ASPI-1 and -3 regarding the solvation of the sulfonic acid group. This suggests
that the experimental differences in proton conductivity are not related to the deprotonation

mechanism or solvation of the sulfonic acid groups.

3.3 Diffusion coefficient and proton conductivity

17



To assess the impact of water uptake on proton transport, the diffusion coefficient (D) was
determined separately for the Grotthuss (Dg) and vehicle mechanisms (Dv) in function of water
uptake in the planar and bent ASPIs (Figure 5A, see also Figure S21A). The Dg and Dv values
were derived from the regime of MSD (Grotthuss and vehicle) curves between 0.5 and 1.8 ns
(Figure S18). The MSD of the Grotthuss mechanism was higher than that of the vehicle mechanism.
Therefore, the determined D values diverged between the two mechanisms, regardless of the ASPI
type, which is in good agreement with the previous Nafion experimental®® and computational'®2!
findings. Furthermore, differences were found in the MSD (Grotthuss and vehicle) and determined
D values of ASPI-1 and -3. At low water contents (4 = 2), the D values were similar (0.34 x 10°°
cm?/sec), while at high water contents (1 = 12), the D values were almost double for ASPI-1 (0.97

x 107® cm?/sec) compared to ASPI-3 (0.56 x 10~® cm?/sec) (Figure 5A).
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Figure 5. The diffusion coefficient (D) and proton conductivity (o) in the function of water uptake

(4) for ASPI-1 and -3 from computational simulations (A, B) and experimental investigations’ (C).
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The proton conductivity (o) was calculated based on Eq. (5) from Dg and Dv (Figure 5B, see also
Figure S21B). We observed an increase in the proton conductivity as a function of the water uptake,
consistent with our previous experimental results’ (Figure 5C, see also Figure S21C). Furthermore,
the proton conductivity of ASPI-1 was higher than that of ASPI-3 upon increasing water content,
confirming our experimental observations. Upon 4 = 12 the ASPI-1 and -3- showed 0.21 and 0.12
S/cm, respectively (Figure 5B). Although higher than the experimental values of ASPI-1 (0.18
S/cm) and -3 (0.03 S/cm), a similar trend was observed. The experimental difference in the proton
conductivity between ASPI-1 and -3 was sixfold at high water contents, whereas the computational
difference was only twofold. The discrepancies between the experimental and computational
results could be due to the limitations in modelling (such as the length and number of polymer
chains in the simulation box), the short time scale (2 ns NVT) of the MD simulation, which is
unable to catch the long-time diffusion or to overcome the caging effects of proton, atom selection
method for Grotthuss and vehicle mechanisms, or the use of Eq. (5) to determine the proton
conductivity. The directional (a, b, ¢ axes) MSD analysis at A = 12 further revealed differences
between ASPI-1 and -3 (Figure S19). Thus, the diffusion of H and O atoms of ASPI-1 was higher
along the c axis (along the polymer chain) than along the a or b axis, whereas this distinction was
not observed for ASPI-3. Therefore, the planar backbone structure of ASPI-1, which showed
consistent monomer unit lengths in both experimental and computational results, promoted

diffusion along the polymer chain direction, unlike ASPI-3 with its bent backbone structure.

4. Conclusion

In this study, we performed MD simulations using the UNNP method to understand the structural,
water uptake, and proton conductivity differences between ASPIs with planar and bent backbone.

The appearance of monomer units, indicating high molecular order, in planar ASPIs (ASPI-1 and

19



ASPI-2) suggest a better proton conductivity compared to bent ones (ASPI-3 and ASPI-4).
Furthermore, the computational findings of these structural differences between the ASPIs were
in good agreement with previous experimental results.” Water uptake simulations suggest that the
difference in proton conductivity between planar (ASPI-1) and bent (ASPI-3) ASPIs is not related
to the deprotonation or solvation of the sulfonic acid group. However, the directional MSD
analysis revealed that H and O atoms diffusion was greater along the polymer chain in planar than
bent, explaining the difference in proton conductivity, which is related to the higher molecular
order of planar types. Finally, the use of the UNNP method revealed that the Grotthuss mechanism
became dominant over the vehicle mechanism at high water contents regardless of ASPIs. These
results provide valuable guidance for the design of ASPI materials with improved proton

conductivity.
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