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ABSTRACT: Sulfonated, cross-linked porous polymers are
promising frameworks for aqueous high-performance electrolyte-
host systems for electrochemical energy storage and conversion.
The systems offer high proton conductivities, excellent chemical
and mechanical stabilities, and straightforward water management.
However, little is known about mass transport mechanisms in such
nanostructured hosts. We report on the synthesis and postsynthetic
sulfonation of an aromatic framework (SPAF-2) with a 3D-
interconnected nanoporosity and varying sulfonation degrees.
Water adsorption produces the system SPAF-2™. It features
proton exchange capacities up to 6 mequiv g~' and exceptional
proton conductivities of about 1 S cm™'. Two contributions are
essential for the highly efficient transport. First, the nanometer-
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sized pores link the charge transport to the diffusion of adsorbed water molecules, which is almost as fast as bulk water. Second,
continuous exchange between interface-bound and mobile species enhances the conductivities at elevated temperatures. SPAF-2"°
showcases how to tailor nanostructured electrolyte-host systems with liquid-like conductivities.

B INTRODUCTION

Polymer electrolyte membrane fuel cells (PEMFCs) are
promising devices for the sustainable conversion of chemically
stored energy into electricity.' The active component of a
PEMEC is the membrane-electrode assembly (MEA).> It
consists of electrically conductive carbon black that is coated
with platinum nanoparticles serving as catalysts for the
oxidation of hydrogen and the reduction of oxygen on either
side of the MEA." The sandwiched proton-conducting
membrane shuttles protons from the anode to the cathode,
utilizing charge compensation and the water formation at the
cathode. The membrane avoids the mixing of hydrogen and
oxygen and minimizes electronic leakage currents.

The state-of-the-art material for proton conductive polymer
electrolyte membranes is Nafion.” It is a branched fluorinated
copolymer with sulfonic acid groups at the side chain ends.™®
It features high ion exchange capacities (IECs) of about 1
mequiv g~ and excellent proton conductivities up to 107" S
ecm™ at 353 K and 100% relative humidity (RH).*” As
adsorbed water is attracted to the sulfonated side chains, water-
rich channels are formed causing microphase separation.””
The fluorinated, hydrophobic part provides the mechanical
stability of the swollen membrane and serves as a confinement
for the embedded water molecules and oxonium ions. The
channels typically span several nanometers leading to moderate
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confinement effects on the dynamics and the transport
properties of H,0/H,0">"~"?

Low hydration levels favor vehicle transport, which facilitates
charge transport by diffusion of oxonium ions.”'*~'® Higher
hydration degrees favor the Grotthus mechanism,'®”"* also
referred to as the hopping or relay mechanism. Here, charge
transport is mediated via protons that are transferred from
water to water molecules.'”° This requires structural
reorientation and displacement of water molecules to transfer
protons from one water molecule to another. The trans-
formation involves the formation of two clusters, the Zundel
(H50,") and the Eigen (H,0,") ions.”*"** For systems with
high proton densities it was suggested'” that it is sufficient for
the water molecules to perform small reorientations to enable
the transfer of protons between oxonium ions and acid groups
(pseudoshuttling).”’

Nafion’s water channels influence the transport mechanisms.
The confinement, although moderate, creates a slightly higher
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Scheme 1. Synthesis of Tetrakis(4-bromophenyl)methane (BrTBPM) and Diboronic Acid (BDB) to PAF-2 and Subsequent
Sulfonation to Sulfonated PAF-2 with a Sulfonation Degree x (SPAF-2,)

B(OH)2  pg(PPhy),, dippf,

THF, 2M K,CO3
— "
20 h reflux, Ar

B(OH),

Br

BrTPM BDB !

SPAF-2, '

translational order for adsorbed molecules'” and distorts the
hydrogen bond network"? typical for bulk water and distributes
the motional modes'' of the water molecules and oxonium
ions. These dynamic heterogeneities include water molecules
and oxonium jons strongly attracted to the sulfonic acid groups
and free water in the inner part of the channels. While the
former molecules are slowed down and restricted in their
mobility, the latter ones diffuse freely in the channel interior.

Still, Nafion suffers from a limited working temperature up
to 353 K as water is only weakly attached to the framework.
This makes complicated water management necessary to avoid
dissolution effects leading to a mechanical failure of the
3723 Additionally, Nafions synthesis is expensive,
and environmentally harmful products are formed during its
long-term degradation.é’m’25 This and the increasing demands
for higher working temperatures and proton conductivities
inspired the development of a variety of inorganic, organic, and
hybrid materials that combine high proton conductivities with
stronger retention forces for the water molecules. Promising
material classes are polyoxometalates (POMs),” function-
alized silicas,”’ metal—organic frameworks (MOFs),>028730
porous organic frameworks (POFs),*"3? covalent—organic
frameworks (COFs),””** and block copolymers.**

All of these materials have in common that they are micro-
and/or mesoporous and feature an interconnecting pore
structure. The strong host—guest interactions, typical for
such systems, lead to higher water adsorption enthalpies,
rendering the adsorbate molecules less likely to be desorbed at
elevated temperatures. Table S1 shows that MOFs and COFs
reach proton conductivities comparable to Nafion. Never-
theless, these systems often lead to powders composed of small
particles."”?**>~* This complicates the manufacturing of
mechanically robust and gastight membranes. Mixed matrix
membranes combine the mechanical stability of polymer
membranes with the favorable properties of the porous
particles.”'”***"** The porous additives serve as reservoirs
for both water and protons in turn easing the strong
dependence of the proton conductivity on the hydration
level and temperature pure Nafion membranes exhibit.

The small nanometer-sized cavities, typical for these
materials, lead to strong confinement effects for the rotational
and translational water dynamics.”’~*" If attractive forces
prevail between the water molecules and the host surfaces,
prominent effects are a slowdown of molecules close to the
inner surfaces, leading to dynamic heterogeneities, and a
reduction of the self-diffusion constants up to 3 orders of
magnitude compared to bulk water.*” ™" If repulsive host—
guest interactions or quantum-friction effects dominate,
ultrafast water self-diffusion was reported in nanochannels.***’

membranes.

Up to now, mechanistic studies were carried out only for a
few systems, and a general understanding of the underlying
processes is missing. The chemical surface structure and
related host—guest interactions become vitally important to
establish efficient proton conduction paths.****~>' High
proton conductivities were observed when the functional
surface groups were close enough to each other to shuttle
protons™>" or allow for positioning of water molecules to
form continuous hydrogen bond networks.*****" In both cases
trains are induced along which protons are then transported
without long-range mass transport as for Grotthuss-type
mechanisms and pseudoshuttling.'”*’

Here, we present a comprehensive study, investigating the
synthesis, properties, and proton conductivities of aqueous
electrolyte-host systems based on the sulfonated porous
aromatic framework PAF-2.°°>° Although PAFs are
amorphous, they are often described in an idealized way by
sp’ carbon atoms positioned on a diamond-type lattice
following the reticular synthesis concept.’”>*>> These central
units are connected along the four covalent bonds of the sp?
carbon atoms by linkers consisting of linear chains of three
(PAF-2) and two (PAF-1) benzene rings bonded via the 1,4-
positions. Due to kinetic control, defects like one-sided linker
termination and partial framework interpenetration are built
into the frameworks, preventing long-range order. This leads to
highly porous, amorphous materials with nanometer-sized 3D-
interconnected adamantane-like pores.

The synthesis route allows for preparing sulfonated
frameworks with high and varying sulfonation degrees
(SPAF-2,) without compromising the framework integrity.
By combining electrochemical impedance spectroscopy (EIS),
nuclear magnetic resonance (NMR) spectroscopy, and static-
field gradient (SFG) NMR experiments, we investigated how
the proton conductivity, the local mobility, and self-diffusion of
H,0/H;0" are linked in nanoscale confinements that change
as a function of the framework hydrophobicity, RH, and
temperature. We provide intriguing insights into why
sulfonated PAFs allow for liquid-like proton conductivities of
up to 1 S cm™, in spite of the strong confinement, extending
the suite of reported conduction mechanisms.

B RESULTS AND DISCUSSION

Host System: SPAF-2,. PAF-2 was synthesized following a
protocol published by Kaskel and co-workers using tetrakis-
(triphenylphosphine)palladium(0) and diisopropylphosphine-
ferrocene (dippf) as catalysts.”” For gas-phase sulfonation,
PAF-2 was exg)osed to an SO; atmosphere for 30, 90, and 180 s
(Scheme 1).”> The resulting products SPAF-2, where x
denotes the sulfonation degree, were washed to remove
nonbonded SO; molecules. We characterized all frameworks
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by infrared (IR) and '3C NMR spectroscopies, elemental
analysis (EA), energy-dispersive X-ray spectroscopy (EDX),
thermal gravimetric analysis (TGA), differential scanning
calorimetry (DSC), Ar and H,O physisorption, X-ray powder
diffraction, and titration (Figures S1—SS and Tables S2—S8).
The resulting stoichiometries are given in Table 1.

Table 1. Average Stoichiometries and Sulfonation Degree x
of PAF-2 and SPAF-2, from EA, EDX, and Titration”

sample stoichiometry x =y/6
PAF-2 CyH,,Bry,
SPAF-2,, Cy7Hyp,(SO5H), 5Bry, - 0.5 H,0 030
SPAF-2, Cy,H,; 1(SO3H), 0Brg;, - 7.5 H,O 0.48
SPAF-2,4 Cy7H 95(SO4H), 4Bro, - 4.5 H,0 0.80

“Added water molecules are adsorbed in the framework. Additionally,
small proportions of Pd (0.02 at %) and Fe (0.08 at %) were found.
On average, they amount to 0.008 Pd and 0.03 Fe atoms to be added
to the molecular formulas. For calculating the sulfonation degree x =
y/6 the stoichiometries were rewritten as ClPhﬁ(SO3H)yBrz -w H,0.
Details of the evaluation are given in Tables S3—S7.

High cross-linking degrees of about 90% were determined
for PAF-2. The remaining unconnected benzene rings are
terminated with Br and small proportions of about 0.02 atom
% palladium and 0.08 atom % iron were additionally detected.
They are residuals of the used catalysts of the cross-coupling
reaction and will occur most likely in an oxidized form as
paramagnetic Pd*" and Fe®'. These impurities could not be
removed by subsequent sulfonation and Soxhlet extraction,
suggesting immobilization within the framework. The analyses
show that the framework and residual Br end groups remain
intact upon sulfonation and that the sulfonic acid groups are
covalently attached to the framework’s phenyl rings. The
corresponding *C NMR resonances (Figure SIA) broaden
markedly indicating that the —SO;H units are distributed over
the 12 possible aromatic carbon atoms (C—H positions) of the
three benzene rings of one rack. Together with the rotational
freedom of the benzene rings, on average the SO;H groups
distribute over the inner pore surfaces.

The sulfonation degree x = y/6 (Table 1) for the three
derivatives amounts to roughly 30, 50, and 80%. This
corresponds to an average sulfonation of two, three, and five
of the six phenyl rings of the repeating unit, for the likely case
that only monosulfonation of the phenyl rings occurs.
Moreover, IECs of 2.77 mequiv g ' (SPAF-2,;), 4.12 mequiv
g™ (SPAF-2y5), and 5.67 mequiv g' (SPAF-2,5) were
derived, which exceed the IEC of Nafion by up to six
times.”® The accessible amount of SO;H units calculated from
the IECs matches the stoichiometries, demonstrating that all
sulfonic acid groups point into the pores and are accessible to
adsorbed water molecules. Thus, all sulfonic acid groups will
contribute to the proton conductivity of SPAF-2 derivatives

(see below). Neither the structural integrity nor the
sulfonation degree changed during the temperature-dependent
EIS and NMR spectroscopic measurements demonstrating the
long-term stability of the sulfonated frameworks. This was
shown by repeated *C NMR and IR spectroscopic (Figure
S1A,D), and titration experiments (Figure S3 and Table S7).

Decomposition of SPAF-2, (x = 0.3, 0.5, 0.8) sets in above
485 K (Figure S1C). At this temperature, the frameworks start
to lose the attached sulfonic acid groups, as shown by coupled
thermogravimetric analysis and mass spectrometry (TGA-MS)
experiments (Figure S4). As such, all SPAF-2, derivatives
should be stable even under harsh conditions in high-
temperature PEMFC that work around 450 K.

As previously reported, PAF-2 exhibits a remarkable micro-
and mesoporosity with hi§h1y interconnected pore spaces
(Figures S1B and $2).5*°° The Brunauer—Emmett—Teller
(BET) surface area (Ar) and total pore volume amount to
1690 m* g~ and 1.20 cm® g~' (Table 2). About 50% of the
total pore volume results from micropores with a maximum
pore width of roughly 1 nm. The surface area and pore volume
are roughly 20% larger than previously reported.’”*” We
attribute this to a higher cross-linking degree. The hysteresis
for the desorption branch of the isotherm suggests a moderate
capability to swell, which is probably caused by the remaining
unconnected end groups allowing for a certain flexibility.’
Furthermore, the magnitudes of the observed surface areas,
pore volumes, and narrow pore size distributions suggest
partial framework interpenetration.”®>> Sulfonation causes
severe decreases in both surface area and pore volume. For
SPAF-2,,; roughly 20% of the original pore volume remains
accessible to Ar, while it is further reduced to about 10% for
SPAF-2 4. This is accompanied by a decrease in the micropore
fraction, indicating that preferentially micropores contract
upon sulfonation due to the strong increase in multipole
interactions between neighboring SO;H units.

Due to kinetic control for PAF-2 synthesis, all frameworks
are amorphous (Figure S1E).*”**>> Their X-ray powder
patterns share broad maxima at 17°, 23°, and 43° in 20,
suggesting that characteristic framework distances and top-
ology do not change upon sulfonation. The observed intensity
modulations are most likely caused by attaching sulfonic acid
groups to the benzene rings. These results align with the *C
MAS and IR spectroscopic analyses (Figure S1). Previous
studies propose that the flexibility introduced by the remaining
dangling bonds favors framework deformation and partial
interpenetration, preventing the formation of long-range order.
Nevertheless, locally, the frameworks will consist of connected
adamantane-type units.

Electrolyte-Host System: SPAF-2f1, The water isotherm
of PAF-2 (Figure 1A) shows the expected behavior (type V
according to IUPAC classification)*® of a hydrophobic
framework. The water gate-opening partial pressure occurs at

Table 2. Ar Surface Areas, Total Pore Volume, and Micropore Ratio of PAF-2 and SPAF-2,

sample BET SA(Ar) /m* g'“

PAF-2 1692 1761
SPAF-2, 352 380
SPAF-2, 136 153
SPAE-2,4 124 123

DFT SA(Ar)/m? g™'*

it . - o
pore volume/cc g™*” micropore ratio/%

1.263 48
0.271 46
0.25 17
0.198 19

“Calculated using the BET equation. “Derived using an equilibrium model for a quenched solid density functional theory (QSDFT) slit-pore

kernel (Ar at 87 K on carbon).
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Figure 1. Water adsorbed in PAF-2 (green) and SPAF-2, (x = 0.3
(blue), 0.5 (red), and 0.8 (black)). (A) H,O isotherms measured at
293 K for PAF-2 and SPAF-2,. SEM images obtained for SPAF-2§} at
1.3% RH and 89.9% RH are included as insets. (B) Water uptake at
33% RH (dotted), 67% RH (shaded), and 100% RH (full) derived
from the water isotherms. The horizontal dashed line indicates when
the original pore volume of PAF-2 would be filled with H,O
molecules. The volume is derived from the Ar uptake of PAF-2
assuming that H,O and Ar follow the ideal gas equation (Figure S1B).
(C) Number of water molecules per SO;H group (1) determined
from the water isotherms at 33, 67, and 100% RH.

a RH of 70%. Below this value, water is repelled but adsorbs
readily at higher RH. At 100% RH, PAF-2 takes up roughly
390 cm® g~'. Sulfonation makes the materials remarkably
hydrophilic (Figure 1B). For SPAF-2,, the water adsorption
starts at low RH and continuously increases to values of 820
cm® ¢! (x = 0.3), 1060 cm® ¢! (x = 0.5), and 1160 cm® g™ (x
= 0.8) at 100% RH. This corresponds to an enhancement of
the water uptake by 2 and 3 for 100% RH. However, the
enhancement factors are on the order of a few hundred below
the gate-opening RH of PAF-2.

In the latter regime, the water uptake depends markedly on
the RH but is hardly affected by the sulfonation degree (Figure
1B). We attribute this to the strong retention forces caused by

the attractive interactions between the deprotonated sulfonic
acid groups and the H;O" ions. In contrast, the framework
retention caused by the SO;H groups is overcome for high RH,
rendering the framework contraction (Table 2) reversible. The
contracted pores reopen, regenerating the originally accessible
pore volume (Figure 1B). Thus, the adsorbed H,O molecules
and H;O" ions move more freely in the pore system. For 100%
RH, the water uptake saturates for x > 0.5. This is
accompanied by an increase of the particle sizes of about
10% as observed in environmental scanning electron
microscopy (Figure 1A). In turn, the pore sizes and alignment
of the framework racks are influenced by the water uptake.

DSC measurements for SPAF-2, (Figure SS) reveal freezing
and melting peaks during the cooling—heating cycle for 100%
RH. The onset temperature of about 245 K (heating branch) is
typical of ice melting in mesopores with average diameters
smaller than 5 nm.>® Based on the total water uptake (Figure
1B) and the molar melting enthalpy of ice®” the freezable water
fraction amounts to less than 15%. As the melting enthalpy
might be changed in confined spaces, we regard the obtained
freezable water fraction as the upper boundary. For 33 and
67%, no freezing and melting peaks were observed. Thus, in all
cases, >85% of the water is adsorbed in confinements where
water does not freeze and thus remains mobile for temper-
atures well below 273 K. This is promising for low-temperature
applications. Transient water clusters and hydrogen bond
networks typical for bulk water will be suppressed or distorted,
rendering the formation of Zundel and Eigen ions needed for a
Grotthus-type proton transport unlikely. By contrast, the water
in the larger channels of Nafion is susceptible to
crystallization. >

Considering that the water molecules are stored in
micropores and subordinated in small mesopores, it is plausible
that the water uptake is limited. We observed saturation for
100% RH and high sulfonation degree x (Figure 1B).
Intriguingly, an equivalence of the molar volumes for water
molecules adsorbed in SPAF-2, and Ar in PAF-2 was found,
which suggests that the pore volume of PAF-2 is retrieved
upon water adsorption. As the maximum amount of water is
limited, increasing x leads to higher H;O" concentrations. The
number of water molecules per SO;H group A (Figure 1C)
decreases linearly as a function of x. Roughly 13 water
molecules are matched with one —SO;H group for x = 0.3 and
A reduces to about 9 water molecules for x = 0.8, given that
both samples are saturated at 100% RH. Lowering RH led to
significantly lower A values down to A = 2, while preserving the
general trend. The opposite behavior (increasing 4 with rising
x) was observed for materials like Nafion 117 and SPAF-1,>>%!
where the water uptake is driven by solvation of the SO;~ and
H,0" ions and not by the free adsorption volume available to
the water molecules. At 100% RH A of Nafion 117 and SPAF-
20% are similar.”!

SPAF-2}" show some important characteristics. They take
up roughly their own weight in water (e.g, 48 wt % of water
for SPAF-2%) without losing the framework integrity or
changing phase and shape, which is advantageous compared to
common exchange membranes.”” Due to the large IECs (up to
5.7 mequiv g'), a fluid with a high proton concentration is
created in 3D pores, which promises high proton conductiv-
ities for SPAF-2RY derivatives. As the water molecules are
mainly confined to the microporous spaces, they exhibit strong
host—guest interactions and are less likely to be desorbed
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Figure 2. EIS measurements, conductivities, and activation barriers of SPAF-28. (A) Nyquist plot of SPAF-23% at 303 K with an equivalent circuit
containing RC elements for bulk in dark red (B), grain boundaries in brown (GB), and electrode interface in yellow (EI). (B) Nyquist plot of
SPAF-2;% at 306 K with the equivalent circuit consisting of elements for electrodes and cables in gray (E), a water film in blue (WL), bulk and
grain boundaries in dark red/brown (B/GB), and an electrode interface in yellow (EI). (C) Arrhenius plot of ¢ for SPAF-2; (blue), SPAF-2
(red), and SPAF-2 ¢ (black) for various relative humidities. Empty, half-filled, and filled symbols correspond to 33, 67, and 100% RH, respectively.
While o for 33 and 67% RH are bulk conductivities, the ones for 100% RH are joint bulk and grain boundary conductivities (Tables S10—S21).
(D) Activation barriers for various sulfonation degrees and relative humidities.

compared to Nafion. As such, SPAF-25" offer less demanding
water management for polymer fuel cell applications.

Proton Conductivity of SPAF-28", EIS on pellets pressed
from SPAF-25" powders revealed two main regimes. SPAF-244
and SPAF-2Y equilibrated at 33 and 67% RH exhibited three
half-circles in the Nyquist plots (Figures 24, S9, S10, S13, and
S14), which were well described by three RC elements in
series. The capacities of the three RC elements in the
equivalent circuit are characteristic for (i) bulk conduction (<C
>~ 107> F), (ii) transport over the grain boundaries (<C > =~
1077 F), and (iii) polarization and chemical reactions at the
electrodes (<C > ~ 107* F). As H"/H;O" are the only mobile
charge carriers, we attribute the first two elements to the
conduction of protons in the pore system of the individual
SPAF-28M particles and the transport between the particles.
The corresponding resistances R serve as a measure for DC
conductivities oy and ogp.

The proton bulk conductivities oy in this regime reach
values between 107 and 107> S cm™" (Figure 2C) and exhibit
an Arrhenius temperature dependence. Proton conduction
over the grain boundaries ogp is on average 2 orders of
magnitude lower (Tables S10, S11, S14, and S15). Retarded
proton transport between particles implies that the water
molecules and oxonium ions are effectively confined to the
SPAF-28* particles. The RH has a strong influence on the oy
(Figure 2C). Equilibrating the samples at 67% instead of 33%
RH enhances o by up to 2 orders of magnitude. We attribute
this to the larger number of water molecules per SO;H unit
(Figure 1C). The additional water improves the oxonium ion
solvation, separates H;O*/SO;™ ion pairs more efficiently, and
thus allows part of the framework porosity to be restored. In
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turn, the mobility of the water molecules and oxonium ions
increases.

In contrast, changing the sulfonation degree from 0.3 to 0.5
has only minor effects on oy (Figure 2C). This is unexpected,
as the IEC almost doubles. Due to the strong confinement, the
water uptake is limited by strong retention forces of the ion
pairs, trapping H;O" ions within the vicinity of the sulfonic
acid groups. Increasing the temperature from RT to 353 K
improves oy by roughly 1 order of magnitude. The activation
barriers (E,) for the thermally activated conduction are similar
(Figure 2D) and vary between 30 and 40 kJ mol™'. H*
transport with E, in this regime is typically considered as
borderline between Grotthuss and vehicle mechanisms.'”*>%*

The impedance spectra for SPAF-2¢5, SPAF-20%, and SPAF-
25% change markedly (Figures S11, S15, S17—S19). As the
overall resistance is quite low in this regime, an equivalence
circuit for the electrode was added to the refinements (Figure
2B). More importantly, the equivalence circuits for the bulk
and the grain boundaries merge into one circuit as only one
relaxation process is resolved in the distribution of relaxation
times (Figure S6B) in addition to the electrode and electrode
interface elements. This suggests that the protons and oxonium
ions exchange freely between the pore volumes of the SPAF-
23 particles and the grain boundary regions. This is intriguing,
as it suggests that SPAF-25" derivatives, in particular when
saturated at 100% RH, might be used as fuel cell separators
without the need to prepare a homogeneous film as long as the
hydrogen and oxygen gas permeabilities are low enough for the
dense particle films. In particular, as the SPAF-25" electrolyte-
host systems are long-term stable, shown by the EIS
measurements repeated after several months.
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at 224 K (black dots). The spectrum was fitted (red solid

line) superimposing three signals representing mobile water (black solid line, fwhm < 10 kHz), framework (black dashed line, fwhm = 27 kHz),
and bound water (black pointed line, fwhm =~ 81 kHz). (B) Proportion of protons of the mobile (squares, solid line) and immobile (circles,
pointed line) H,0/H;0" and of the framework (triangles, dashed lines) derived from the line shape analyses of the 'H NMR spectra of SPAF-20%
(blue), SPAF-20% (red), and SPAF-20%¥ (black) (Figures S22—S24 and Table S22). The solid and pointed lines are refinements of eq 1. (C) Self-
diffusion coefficients D from SFG NMR experiments for SPAF-21%° [x = 0.3 (blue), 0.8 (black)] and liquid water (orange).® The inset of panel
(C) shows the square root of 6D7,,, for SPAF-20% (blue) and SPAF-2% (black). (D) Correlation times Ty, for the H,0/H;0" translation
calculated from T, measurements of SPAF-21% [x = 0.3 (blue), 0.5 (red), and 0.8 (black)].

For a RH of 100%, oy/gp rises by roughly 2 orders of
magnitude with only a moderate dependence of oy, on the
sulfonation degree. At about 353 K, oy varies between 1.4 S
cm™! for SPAF-23% and 0.6 S cm™ for SPAF-20% (Tables S12,
S16 and S20). These conductivities are about four decades
higher compared to PAF-2 (Figure S7), outperforming those
of Nafion®' by roughly 1 order of magnitude and approach the
values for liquid electrolytes®® with the advantage of SPAF-28
not losing the form stability. One reason for the exceptionally
high conductivities might be the open 3D pore structure of the
framework,***®> which enables oxonium ions and water
molecules to move essentially unrestricted through the pore
structure as previously suggested for SPAF-1.% Immersing
SPAF-243/05/08 in liquid water led to slightly lower
conductivities (Figure S21), which probably is a consequence
of inhomogeneous pore filling. Thus, we focus on gas-phase
equilibration for preparing the electrolyte-host system SPAF-
2RH,

While the conductivities at ambient temperatures are similar
for all three sulfonation degrees at 100% RH, the activation
barriers differ significantly. For x = 0.8, E,, is the largest with 59
kJ mol™’, goes through a minimum at x = 0.5 (E, ~ 35 kJ
mol™"), and increases slightly for x = 0.3 (E, ~ 43 kJ mol™").
Similar trends were also observed for 67 and 33% RH. The
observation that E, is the largest (~60 kJ mol™") for x = 0.8,
independently of RH, indicates that the high SO;™ density
introduces confinement effects, which influence the proton
conductivity in all cases. Low sulfonation degrees of 30%,
however, lead to low charge carrier concentrations and a
reduced ability of the frameworks to swell upon water uptake.
Consequently, the confinement changes, and oxonium ions
and the water molecules within the pores are more strongly
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affected by the negative framework charge. Optimal values of
charge density, carrier concentration, water uptake, and
framework swelling appear to be reached for medium
sulfonation degrees of around x = 0.5.

Counterintuitively, the charge transport activation barriers
do not change steadily with water uptake (Figure 2D). This
can be explained, if more than one thermally activated process
drives the charge transport. The corresponding E, will exhibit
different trends upon changing the confinement by adapting
RH and «. To derive a better understanding of the nature of
these processes temperature-dependent 'H NMR spectro-
scopic line shape, spin—lattice relaxation, and SFG experiments
were carried out for SPAF-2;%, SPAF-20%, and SPAF-2{%.

H;0%/H,0 Mobility and Diffusion. At low temperatures
(~ 220 K), the lineshapes of the '"H NMR spectra for SPAF-
20%, SPAF-20%, and SPAF-2)% consist of three distinctly
different components (Figure 3A). Two components are broad
and were fitted with Gaussian profiles. Their full widths at half-
maximum (fwhm) were found to be about 27 and 81 kHz,
independent of the temperature. The third component is
Lorentzian-type and narrow, with fwhm <10 kHz. The
Gaussian-type resonance with a fwhm of about 27 kHz is
typical of a rigid SPAF-2 framework, where the shortest
"H—'H distances (d ~ 2.4 A) arise from neighboring protons
at the aromatic rings. The fraction of this line shape
component (dashed line, Figure 3A) is also temperature-
independent (Figure 3B), indicating that the framework
remains rigid between 220 and 380 K. The derived proportions
(0.17 for SPAF-2, 0.18 for SPAF-2, ., and 0.28 for SPAF-2,;)
match well the expected 'H ratios for framework and water
hydrogen atoms.
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The two remaining resonances were assigned to adsorbed
water molecules and oxonium ions. The broad Gaussian-type
component (fwhm =81 kHz) is characteristic of water
molecules immobilized at the inner pore surfaces. Its fwhm
is roughly three times broader than that of the framework
matching the expected ratio ~ (dyy(SPAF-2)/dyy(H,0))?
with dgg(H,0) ~ 1.6 A. The narrow and temperature
dependent Lorentzian-type component results from mobile
H,0/H;0" within the pores, which show fast and almost
isotropic reorientation. It narrows with the temperature
suggesting that the reorientation becomes faster (Figures
$22—S524 and Table S22).

In contrast, the fwhm of the broad Gaussian-type resonance
does not change markedly, indicating that water molecules
attached to the inner surfaces remain immobile. With
increasing temperature, the fraction of the narrow component
grows at the expense of the broad component, indicating that
the mobile water fraction grows. For SPAF-2,¢ and SPAF-2,
roughly 45% of the H,O/H;0" are immobilized at 220 K,
while already 90% of the water molecules move isotropically at
273 K (Figure 3B). Beyond 300 K, the broad Gaussian-
component falls below the detection limit. For SPAF-2,,
where less water is adsorbed, the proportion of the broad
Gaussian-component approaches zero already beyond 250 K.
Based on the DSC experiments (Figure SS and Table S8) a
small part (<15%) of the water molecules might additionally
be immobilized as ice inclusions below 260 K. As this does not
change the trend of the line shape analysis we omitted the
contribution for the following discussion.

This analysis suggests that two water fractions, which are
well distinguished in terms of mobility, coexist inside the
framework. The temperature dependence of the corresponding
fractions is typical for these two ensembles to be in
equilibrium. Thus, for the 'H proportions for mobile
(p(H,0,,,)) and immobile (p(H,0;,)) water molecules, it
follows:

p(H,0,,) =1 — p(H,0,,) — p(framework)

1 — p(framework)

p(Hzomo) - 1 + eAHQ/RT_e—ASD/R (l)
p(framework) is the framework proportion and AH® and
AS° are the enthalpy and entropy changes. Fitting the fractions
displayed in Figure 3B with eq 1 revealed that the subensemble
of immobile H,O/H;0" is energetically favored by 15 to 25 kJ
mol™' compared to the mobile species, while the entropy for
the immobile species is lower by 80—110 J mol™" K™ (Table
$23). Due to the low contributions of the immobile species for
SPAF-2;% for the corresponding refinement, AS’ was
restricted to an average of 90 J mol™! K. We attribute the
lower enthalpy for the immobilized H,O/H;0" species to
attractive interactions with the SO;~ groups. The higher
entropy of the mobile fractions accounts for the higher
motional degrees of freedom and an increasing disorder.

"H NMR SFG spectroscopy allows for probing the diffusivity
and thus the long-range transport of the mobile subensemble.
Considering that compared to each acidic proton from a
sulfonic acid group, 10—14 water molecules are adsorbed
depending on x, the '"H SFG NMR spectroscopic signal is
dominated by the diffusion of adsorbed water molecules. As
the spin—lattice relaxation (Figure S28) is very short (400 us
< T, <1 ms), we could collect reliable 'H SEG NMR data
only for SPAF-2% and SPAF-20% (Figure 3C). In both cases,

intriguingly large values of the self-diffusion coefficients D were
observed, which are almost 2 orders of magnitude larger than
those of water in other porous materials with similar pore
sizes"®” and only 1 order of magnitude lower than those of
liquid bulk water.”® We attribute this to the framework’s open,
interconnecting 3D pore space,"’z’53 which allows for
unhindered diffusion despite the narrow pore sizes. The
confined nature of the water molecules, nevertheless, becomes
obvious considering the larger activation barriers (27 kJ mol™
< E, < 33 kJ mol™") compared to those of bulk water.

Further insight was obtained from 'H spin—lattice relaxation
data. The magnetization recovery is biexponential for SPAF-
20%, SPAF-20%, and SPAF-20% for all temperatures. This
makes a significant contribution from ice inclusions below 260
K unlikely (Figures S25—S27). The proportions of both
components rather match the ratio for protons of the
framework and adsorbed aqueous phase (Figure $S29). The
framework T, is a few tens of milliseconds and hardly
temperature dependent (Figure S28). T, for the aqueous phase
exhibits minima at 290 K (SPAF-2,3), 295 K (SPAF-2,;), and
320 K (SPAF-2,;), indicating dynamics on the nanoseconds
scale (~1/w,) at these temperatures. However, the remarkably
short T values between 400 ps and 1 ms cannot be explained
based on the 'H—'H dipolar coupling constants of water
molecules (~80 kHz) as derived from the line shape analyses
(Figure 3A). To match the T, minima, 10 times larger
coupling constants are rec%uired, which is unrealistic based on
nuclear spin interactions.®

Considering, that small contents of oxidized Pd and Fe
impurities are trapped in the framework (Table 1), it is likely
that the spin—lattice relaxation is driven by heteronuclear
dipole interactions between these paramagnetic centers and
the protons of mobile H,0/H;O". In this case, T, exclusively
probes their short-range translational motion with respect to
these centers,® which we describe using the hydrodynamic
force-free hard sphere (FFHS) model.” Further details are
given in the Supporting Information. The FFHS model yields a
spectral density Jion(®,Tuans) (eq S4), which describes the
fluctuations of the dipole interactions caused by the transla-
tional motion and involves a coupling constant C, which
depends on the number density Ny of the paramagnetic
centers, their spin state S, and the shortest possible distance d
between paramagnetic centers and water molecules. In this
case, T is given by

1
- = C] (0) 7 rans>
’Ii trans\ 17 Ct (2)

Modeling the spin—lattice relaxation data (Figure S28 and
Table S24) with eq 2 allowed us to determine the temperature-
dependent correlation times 7,,, (Figure 3D) for all three
samples. The trends for 7., suggest thermally activated
translational motion with similar E, values between 33 and 35
k] mol™" for H,0/H;O" for all SPAF-2,. These values are in
excellent agreement with E, derived from the diffusion data,
confirming that T, relaxation and SFG NMR spectroscopy
both probe water self-diffusion. The mean distance

(ry = /6D, (Figure 3C inset), thus decodes the length

scale over which a water molecule diffuses before losing the
correlation to a paramagnetic center. <r> is hardly temper-
ature-dependent and varies between 2 nm (SPAF-2y4) and S
nm (SPAF-2y;). The somewhat larger correlation length for
SPAF-2; is reflected in a larger 7,,,,, compared to SPAF-2
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and SPAF-2,5, which show almost identical 7,.,,,. For a closed
packing for the centers Ng = 4(~/2(r))™, <r> & 3.5 nm
corresponds to a number density of 3 X 10* m™. This
matches well the observed Pd and Fe contents (Table 1),
strengthening our ansatz to describe T| by fluctuations of
heteronuclear dipole interactions caused by diffusing H,O/
H;0" groups along the paramagnetic centers in the framework.

Conduction Mechanism. Using 7., and <r> (Figure
3C,D), we predict self-diffusion coefficients D = <r>2 (74, -
6)7" for SPAF-2,, where the spin—lattice relaxation was too
fast to perform SFG NMR experiments. Thus, temperature-
dependent D, could be derived for SPAF-20%, SPAF-2;% and
SPAF-24%. Applying the Nernst—Einstein relation oy " = n,-
e”D (kg-T)™" allows for predicting conductivities based on the
temperature-dependent diffusion coefficients for SPAF-20%,
SPAF-2)% and SPAF-2;%. The corresponding proton number
densities n, are given in Table S25.

The values of 6y ™ and o= match well (Figure 4A). As the
"H SFG and T data are mainly sensitive to the diffusion of the
water molecules, this suggests that protons are carried by water
molecules according to a vehicle mechanism. Despite the high
IECs, this observation rules out a packed acid mechanism,
where charge transport is mediated by H" hopping between
neighboring SO, units without significant water transport.”’
As T, relaxation, SFG NMR and EIS probe translational
motion on length scales ranging from a few nanometers up to a
few micrometers, the transport mechanism is length scale
independent. This renders the influence of bottleneck effects
unlikely.

However, while similar E, of about 35 kJ mol™" were found
for oy Y™ and 655, the activation barriers of oty and opgare
roughly twice as high compared to the ones derived from o3
and oys™ (Figure 4B). For the latter two compounds, 65 <
ot™® at low temperatures, while the opposite trend is
established above ~320 K (SPAF-2{¥) and ~350 K (SPAF-
25%). H* transport exceeding the diffusivity of water molecules
might hint toward contributions of a Grotthuss-like mecha-
nism.'” However, the high E, for o5 and the strong
confinement by the framework make this unlikely. The small
pore size suppresses the necessary formation of Zundel and
Eigen ions, as water molecules within three solvation shells
around one oxonium ion need to be positioned and aligned.”

Considering the results of the 'H NMR analysis, an
alternative scenario is much more likely. Confining H,0 and
H;O0" within the framework led to the formation of two
subensembles (Figure 3A,B). In addition to water molecules
and oxonium ions that are immobilized in the vicinity of the
SO;~ groups, highly mobile species were observed even at
temperatures far below RT (Figure 4C). The temperature
dependence of their proportions revealed similar energetic
differences of about 20 kJ mol™" for all sulfonation degrees
(Table S23). As the immobile and mobile species are spatially
close and both subensembles relax with the same T,
component (Figures S$25—S27), we expect a continuous
exchange of H,O and H;O" between both subensembles
(Figure 4C). Water molecules and oxonium ions, immobilized
at a particular time, will become mobile, or vice versa. The
corresponding exchange rates k are on the order of 10* Hz, as k
is small enough (<10° Hz) for the line shape analyses to be in
the slow exchange limit and large enough (>1/T; = 10° Hz) to
allow both subensembles to relax with the same spin—lattice
relaxation rate. Due to exchange between both subensembles,
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used for data obtained with EIS. ¢ values derived from the 'H SEG
NMR (x = 0.3 and 0.8) and T relaxation data (x = 0.5) using the
Nernst—Einstein relation are depicted as solid circles. The lines
(dashed for 6i™* and solid for 65°) are guides for the eye. (B)
Comparison of activation barriers derived from the NMR spectros-
copy and EIS data. (C) Schematic representation of a cutout of the
molecular structure of SPAF-2, using an ideal diamond lattice. The
yellow areas symbolize hydrophilic regions around the SO;™ units,
and the gray areas represent hydrophobic regions. Zoom: Schematic
presentation of the proposed mechanism for the charge transport for
SPAF-2%, which involves an exchange between mobile and
immobilized water molecules.

the total activation barrier for the charge transport is the sum
of the exchange enthalpy and the activation barrier for the
diffusion (Figure 4B).

Thus, the proposed H" transport mechanism is a
combination of periods where fast transport by diffusion
occurs and periods where the same water molecules and
oxonium ions become reversibly attached to the framework by
electrostatic interactions (Figure 4C). The continuous
exchange between two distinct, in terms of enthalpy and
entropy well separated, aqueous regions sets the H' transport
in SPAF-2,% apart from other materials like Nafion and
sulfonated mesoporous silica'"*""*” where usually homoge-
neous models with distributions of activation barriers apply.
We attribute this difference to the strong confinement effects
imposed on the aqueous phase by the narrow micropores. Due
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to the 3D framework with its interpenetrating, windowless
pore space, the slowdown of molecular diffusion, which usually
results from strong confinement, is prevented. Despite the
larger pore volumes water diffusion is slower by up 3 orders of
magnitude for porous materials mentioned earlier.""*"*”
Combining the extraordinary diffusivity within the confined
aqueous phase of SPAF-2,” with IECs up to 5.7 mequiv g~'
and the exchange between framework-attached and free H,O/
H;0" species allows for excellent conductivities between 0.5
and 2.0 S cm™" (Figures 2C and 4A).

The trends for E, as a function of the sulfonation degree
determined from o5 and the NMR experiments (Figure 4B)
suggest that the framework polarity influences the exchange
process. For x = 0.3 and 0.8, water molecules and oxonium
ions participate in the exchange, as E, determined for the
charge transport (EIS) is significantly higher than E, of the
diffusion and T, data. In contrast, for x = 0.5, both E, match,
suggesting that only water molecules are immobilized at the
SO;™ groups, while the oxonium ions remain preferentially in
the mobile phase.

We attribute this phenomenon to the distribution of sulfonic
acid groups as the hydrophobic framework becomes hydro-
philic in the vicinity of the SO;” units. Additionally, the
induced electrostatic interactions provide the necessary
restraint for immobilizing H,O/H;0". To probe repeating,
characteristic distances, wide-angle X-ray scattering (WAXS)
experiments were carried out in a Q range that corresponds to
distances between 1.7 and 7.4 A (Figure 5). As the frameworks
swell upon water uptake influencing the alignment of the
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Figure 5. Top: WAXS measurement of SPAF-2)% (blue), SPAF-20%
(red), and SPAF-2§% (black) with vertical lines highlighting the most
frequently occurring distances. Deconvolutions are given in Figure
$30. Schematic representation of a likely local structural arrangement
of SPAF-2,. The yellow areas symbolize hydrophilic regions around
the SO;™ units, and the gray areas represent hydrophobic regions. The
red arrows point to typical framework distances that match the
experimentally observed ones.

framework racks, the measurements were carried out in
conditions where the water uptake could be controlled. Since
the adsorbed water molecules are mobile and distributed in the
pores, they will lead to smooth and slowly modulating
scattering intensities. Sharper modulations can be attributed
to the framework and the sulfonic acid groups. The
diffractograms are similar for SPAF-20%’ and SPAF-2;%, with
distances around 5 A occurring most frequently (Figure S).
Such distances match those of SO;~ groups and neighboring
benzene rings. For SPAF-2;%, a prominent maximum of
around 3.3 A instead occurs, hinting at SO;~ groups attached
predominantly to the sandwiched benzene rings. This indicates
a higher order for medium SO;H contents.

For sulfonation degrees of 0.3, 0.5, and 0.8, on average, two,
three, and five of the six benzene rings of the repeating unit are
sulfonated. Larger patches of unsulfonated and, thus, hydro-
phobic regions remain for x = 0.3 (Figure 5). For x = 0.8,
almost the whole framework is hydrophilic. In both cases, the
interpretation of the WAXS data suggests a disordered
arrangement of sulfonate groups as the dominating peak is
explained well with the framework—SO;~ contacts. For x =
0.5, the SO;™ groups are preferentially attached to the middle
benzene units of the racks. This leads to alternating
hydrophobic and hydrophilic regions (Figure 5) and might
be a consequence of the Coulomb repulsion between the
negatively charged SO;” units and the reversibility of
sulfonation during synthesis.

A regular placing of SO;~ units for x = 0.5 (Figure 5) leads
to mean O—O distances that selectively attract water molecules
in double hydrogen bonds, while oxonium ions do not match.
This provides a reasonable explanation for the preferential
immobilization of water molecules and lower activation
barriers (E, ~ 35 kJ/mol) for the charge transport in this
case. For x = 0.3 and 0.8, unspecific adsorption takes place
which influences both water molecules and oxonium ions alike.
Optimal proton conductivities are a subtle trade-off between
surface interactions, water uptakes, and proton densities where
optimal conditions are reached for medium-high sulfonation
degrees around x = 0.5.

B CONCLUSIONS

We report the synthesis and characterization of SPAF-2,. It is a
flexible, amorphous, and nanoporous framework that can be
prepared with varying sulfonation degrees x. The prepared
systems (x = 0.3, 0.5, and 0.8) take up roughly their own
weight in water when saturated at 100% RH. More than 85%
of the adsorbed water molecules are located in micropores,
which induces strong confinements for the adsorbed fluid
phase. Strong interactions with covalently bound SO;™ units
and IECs up to 5.7 mequiv g~' promise highly efficient
electrolyte-host systems with an improved water management
toward higher temperatures and less hindrance due to ice
formation below 0 °C.

Outstanding DC conductivities of about 1 S cm™" could be
realized for systems saturated at 100% RH, which surpass
conductivities reported in related frameworks with similar pore
sizes by 1—2 orders of magnitude (Table S1). Bulk and grain
boundary transport become indistinguishable which we
attribute to the formation of a continuous fluid phase including
pore and particle-surface water. Although similar proton
conductivities were found for low (x = 0.3), medium (x =
0.5), and high (x = 0.8) sulfonation degrees at elevated
temperatures (~353 K), the activation barriers of the charge
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transport vary. Minimal values at medium sulfonation degrees
provide the broadest temperature range for application as high-
performance electrolyte-host material. This makes SPAF-20%
promising for fabricating proton-conducting membranes used
at variable temperatures between 233 and 353 K. In this range,
proton conductivities vary between 0.01 and 1 S cm™.

The underlying transport processes are based on a vehicle
mechanism with exceptionally high self-diffusion coeflicients of
about 107 m* s™' for water molecules adsorbed in the
nanometer-sized pores at RT. This surpasses the diffusivity in
common micro- and mesoporous systems by up to 3 orders of
magnitude. We explain this result by the open, windowless 3D
pore structure of the SPAF-2 frameworks, enabling an almost
unhindered diffusion despite strong confinement. The highly
mobile water molecules and oxonium ions are in a continuous
exchange with counterparts that strongly interact with the
SO;™ units of the framework. Water molecules and oxonium
ions in this subensemble exhibit a reduced mobility and lower
energy compared to those in the mobile subensemble that
hardly interacts with the framework. Both subensembles are in
thermal equilibrium and exchange water and oxonium ions on
the order of milliseconds. When the temperature is increased,
the high-energy population grows at the expense of the low-
energy population, and hence, a larger number of molecules
has enough thermal energy to take part in the charge and mass
transport. The higher local order for the distribution of
sulfonate groups for medium sulfonation degrees intriguingly
leads to preferential immobilization of water molecules while
the oxonium ions remain in the fluid phase. This reduces the
transport barriers as oxonium ions are less likely immobilized
at the framework, extending the temperature range where
SPAF-2% exhibits high proton conductivities.

We show how the strong confinements imposed by
nanoporous hosts on the imbedded electrolyte phase
fundamentally change the mechanisms for mass and charge
transport. Despite the additional restraints imposed by strong
confinement, we demonstrate that it can positively impact and
improve the conductivity. Maximizing the sulfonate density
and IEC is less important than maximizing the framework
topology, the host—guest interactions, and the sulfonate
arrangement. This knowledge will help to tailor porous
polymers and COFs for electrolyte-host systems with liquid-
like conductivities in the future.

B EXPERIMENTAL SECTION

All chemicals and solvents used in the synthesis were commercially
available and were of reagent grade without further purification. Air-
sensitive reactions were carried out under Ar (purity 5.0) atmosphere
which passed a zeolite, P,O;, and BTS catalyst column. The syntheses
of TPM, BrTPM, PAF-2, and SPAF-2, are described in detail in the
Supporting Information. To load the SPAF-2, frameworks with a
controlled water amount, the samples were equilibrated for up to 48 h
in a humidity chamber at 33, 67, and 100% RH, respectively, using
saturated salt solutions or water. Further activation was not necessary.

Physisorption measurements with Ar as absorbance were carried
out on an Autosorb I at 87 K. Water physisorption measurements
were performed on an ASiQ-MP-MP-AG setup (Anton Paar
QuantaTec, BoyntonBeach, USA) at 293 K. Before the measure-
ments, all samples were degassed at 393 K for 12 h. The software
package ASIQ ver. 3.0 was used for data analysis. The 'H and *C
liquid-NMR spectra of the synthesized molecules were measured on a
Bruker 500 MHz spectrometer and using dimethyl sulfoxide as
solvent. IR spectra were recorded on a JASCO FT/IR-6100 Fourier-
transform IR spectrometer with an attenuated total reflectance unit.

CHNS analysis was measured on an ELEMENTAR UNICUBE with
sulfanilamide as standard.

For DSC, the samples were saturated at 33, 67, and 100% RH. The
measurements were done on a TA Instruments Discovery DSC 2500.
The temperature range was 193 to 353 K with 5 K min™" under a
nitrogen atmosphere and three heating cycles. For evaluation, the
third cycle was used. TGA was carried out on a Mettler Toledo TGA/
SDTA851e under a nitrogen atmosphere in the temperature range
from 303 to 973 K with a heating rate of 10 K min™". TGA-MS was
performed on a Netzsch STA 449 C (TGA) with a Netzsch Aeolos
QMS 403C (MS) under a nitrogen atmosphere with a heating rate of
5 K min~". To determine the sulfonation degree the samples were
titrated with a Mettler Toledo seven2go pH meter and an aqueous 10
mM NaOH solution.

Powder X-ray diffraction was done on a STOE STADI P
diffractometer with a Ge(111)monochromator and Cu—K,, radiation.
The frameworks were packed in 1.0 mm capillaries and were
measured at RT in Debye—Scherrer geometry. WAXS measurements
were performed using a Xeuss 3.0 (Xenocs, France) equipped with a
copper source (4 = 1.5418 A). Scattering images were detected on an
Eiger2 R 1 M detector (Dectris, Switzerland) with 1028 X 1062 pixels
and a pixel size of 75 pm X 75 um located 0.3 m from the sample
(deducted via AgBeh calibration). The beam size was 0.5 mm X 0.5
mm. Each sample was equilibrated at 100% RH, sealed Kapton
containers, and measured for 1 h. The WAXS images were radially
averaged to extract 1D cuts and background corrected (empty
container). Peak positions were determined by fitting each peak
profile with a local background and a Gaussian function using XSACT
2.0 (Xenocs, France).

All solid-state NMR spectra were recorded on a Bruker Avance III
HD spectrometer with a By field of 9.4 T. 'H and *C MAS spectra
were performed with a ramped cross-polarization experiment in which
the nutation frequency v, on the proton channel was varied linearly
from 70 to 100%. The sample was rotated with a frequency of 12.5
kHz (3C) in a 3.2 mm MAS double-resonance probe (Bruker). The
corresponding v,,, values on the *C channel and the contact time
were set to 70 kHz and 1.0 ms, respectively. Proton broadband
decoupling with Spinal-64 and v, = 60 kHz was performed during
acquisition. '*C spectra were referenced to tetramethylsilane using
adamantane as a secondary standard. Single-pulse experiments were
performed with a single 90° pulse. The pulse length was 3.20 us, and
the recycle delay was set to 120 s. The spin—lattice relaxation was
characterized using an inversion recovery sequence with a leading
180° pulse of 3.5 us.

In the "H SFG NMR experiments, the magnetic field gradient g was
generated by a specially designed magnet with superconducting coils
in anti-Helmholtz arrangement.”" We placed the sample at a position
with an 'H Larmor frequency of 173 MHz and used two gradients of
magnetic field G = 132 T m™' and g = 76 T m™". The stimulated-echo
sequence, which features two evolution times f, separated by a mixing
time f,,, was applied to measure the 'H self-diffusion coefficients D.
Explicitly, the stimulated-echo-decays were fitted to

S(tt.) e D1t 3)

Here, ty = t,, + 2/3 t, is the variable diffusion time, and q = gyt,
with y being the gyromagnetic ratio. The length of the 90° pulses was
0.7 ps. In all measurements, the temperature was set with an accuracy
of +1 K and stabilized to +0.1 K using a nitrogen flow cryostat.”*

For the conductivity measurements, the sample was placed in the
sample holder under continuous gas flow with the set humidity of 33,
67, or 100% RH. For comparison a set of dried samples was immersed
in liquid water. The water amount was estimated based on
physisorption (Figure 1A) for p/p, = 1 allowing for an excess of
10%. After immersion, excess water was evaporated at room
temperature against air. The water loss was controlled on a scale.
When the weight was reached, the samples were sealed and
equilibrated for an additional 3 days. Impedance spectroscopy was
performed on a Novocontrol Alpha Analyzer with ZG4 and a 5 mV
AC voltage was applied. An impedance data set was prepared to
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measure the frequency range from 4 MHz to 1 Hz. To ensure the
same shape and size of the pellet during measurement, the sample was
placed in a cylindrical border with an active radius of 4 mm. Two
copper electrodes were placed adjacent to the top and bottom of the
pellet and with constant pressure of about 200 bar. The atmosphere
was stable to the set value during the measurement. To ensure
equilibration of the temperature, the conductivity measurement was
started 30 min after the appropriate temperature. After the
measurements had been made, the length (I) of the pellet was
measured. From the determined lengths and A = 77> with r = 4 mm,
the conductivity was calculated according to the formula 6 = [(A-R) ™},
where R is the resistance from the high-frequency semicircle in the
corresponding Nyquist plot (Cole plot). This was simulated with an
equivalent circuit diagram consisting of at least one resistor R and a
constant phase element connected in parallel in RelaxIS 3.

B ASSOCIATED CONTENT
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MEA membrane electrolyte assembly
IEC ion exchange capacity
RH relative humidity
POM polyoxometalate
MOF metal—organic framework
POF porous organic framework
PAF porous aromatic framework
SPAF sulfonated porous aromatic framework
FTIR Fourier-transform infrared
NMR nuclear magnetic resonance
EA elemental analysis
EDX energy-dispersive X-ray
TGA thermal gravimetric analysis
DSC differential scanning calorimetry
BrTPM tetrakis(4-bromophenyl)methane
BDB benzene-1,4-diboronicacid
SP single-pulse
BET Brunauer—Emmett—Teller
TGA-MS thermal gravimetric analysis mass spectrometry
SA surface area
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DFT density functional theory

IUPAC international union of pure and applied chemistry
ESEM environmental scanning electron microscope

EIS electrochemical impedance spectroscopy

B bulk

GB grain boundaries

E electrode

EI electrode interface

fwhm full widths at half-maximum
SFG static-field gradient

DC direct current

WAXS  wide-angle X-ray scattering
FFHS force-free hard sphere
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