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Highly Fluorinated Nanospace in Porous Organic Salts with High
Water Stability/Capability and Proton Conductivity

Takahiro Ami, Kouki Oka,* Showa Kitajima, and Norimitsu Tohnai*

Abstract: Water in hydrophobic nanospaces shows
specific dynamic properties different from bulk water.
The investigation of these properties is important in
various research fields, including materials science,
chemistry, and biology. The elucidation of the correla-
tion between properties of water and hydrophobic
nanospaces requires nanospaces covered only with
simple hydrophobic group (e.g., fluorine) without im-
purities such as metals. This work successfully fabricated
all-organic diamondoid porous organic salts (d-POSs)
with highly fluorinated nanospaces, wherein hydropho-
bic fluorine atoms are densely exposed on the void
surfaces, by  combining fluorine  substituted
triphenylmethylamine (TPMA) derivatives with tetrahe-
dral tetrasulfonic acid. This 4-POSs with a highly
fluorinated nanospace significantly improved their water
stability, retaining their crystal structure even when
immersed in water over one week. Moreover, this highly
hydrophobic and fluorinated nanospace adsorbs
160 mL(STP)/g of water vapor at P./Py=0.90; this is the
first hydrophobic nanospace, which water molecules can
enter, in an all-organic porous material. Furthermore,
this highly fluorinated nanospace exhibits very high
proton conductivity (1.34x107%S/cm) at 90°C and
95 % RH. POSs with tailorable nanospaces may signifi-
cantly advance the elucidation of the properties of
specific “water” in pure hydrophobic environments. D
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Introduction

Structures and functions of porous materials composed of
organic molecules can be precisely and easily controlled by
appropriately designing their constituent molecules. These
materials have been extensively investigated for various
applications, such as gas separation and storage,!! catalysts
and reaction sites,” and proton conduction.’! Among these
organic-based porous materials, metal-organic frameworks
(MOFs), which are fabricated by combining metal elements
and organic linkers via coordination bonds,”! and covalent
organic frameworks (COFs), which are fabricated by linking
organic molecules via covalent bonds,”! are representative
examples. In contrast, noncovalent organic frameworks
(nCOFs), which are constructed by the self-assembly of
organic molecules via noncovalent bonds[® are usually
soluble in highly polar solvents. Moreover, although nCOFs
are all-organic porous materials, they form thermodynami-
cally stable and precise structures with high crystallinity.”
Usually, noncovalent bonds are weaker than coordination
and covalent bonds; therefore, nCOFs are considered to
have low structural stability. However, among the non-
covalent bonds, the highly ionic and rigid hydrogen bonds
between acids and bases such as sulfonic acids and amines,
called “charge-assisted hydrogen bonding”, form signifi-
cantly robust structures with high structural stability.®

Previously, we focused on the charge-assisted hydrogen
bonding between sulfo and amino groups, and reported that
aromatic sulfonic acids and bulky triphenylmethylamine
(TPMA) hierarchically form robust diamondoid porous
organic salts (d-POSs) via the formation of [4+4]
supramolecular clusters (Figures la and 1b).*) 4-POSs
exhibit high thermal stability and structural robustness even
after the removal of template molecules. However, the
hydrogen bonds of most POSs are susceptible to attack by
water molecules, and therefore d-POSs are usually unstable
in the presence of water. Therefore, their crystal structures
usually collapse or undergo phase transition under high
humidity conditions or in water.[*

d-POSs exhibit various porous structures based on the
molecular design of sulfonic acids and amines.!"”! In partic-
ular, we demonstrated that introducing substituents at the
para- and meta-positions of the phenyl rings of TPMA
resulted in the exposure of these substituents on the void
surfaces of the d-POSs, which significantly changed their
void environments.!""!

This work aims to improve the water stability of d-POSs,
and we focused on fluorine substituents with excellent
water-repellency and hydrophobicity. To improve the hydro-

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 1. Formation of diamondoid porous organic salts (d-POSs) using tetrahedral-structured tetrasulfonic acid (MTBPS) and triphenylmeth-
ylamine (TPMA). (a) Schematic of the formation of d-POS from MTBPS and TPMA via charge-assisted hydrogen bonding. (b) Schematic of the
fabrication of d-POS using MTBPS and TPMA, and the resultant porous and void structures of TPMA/MTBPS. (c) Fabrication of d-POSs with
highly fluorinated nanospaces using MTBPS and fluorine-substituted TPMA derivatives.

phobicity and water stability of frameworks of MOFs and
COFs, the strategies such as introducing the hydrophobic
group into an organic component,”® courting the void
surface with the hydrophobic polymer,"” and combining
with other hydrophobic material (e.g. fluorinated graphene
oxide)™ are aggressively investigated. Among them, intro-
ducing hydrophobic fluorine substituents has been most
widely used for improving the hydrophobicity and water
stability of frameworks. In fact, in the fluorinated MOFs
and COFs, the water stability improved with increasing the
hydrophobicity of frameworks, and therefore this strategy is
expected to be effective for improving the water stability of
POSs. As shown in Figure 1c, TPMA derivatives are
synthesized by introducing fluorine substituents at the para-
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and meta-positions of the phenyl rings. These TPMA
derivatives are combined with 4’4" 4" 4""""-methanete-
trayltetrakis (([1,1'-biphenyl]-4-sulfonic acid)) (MTBPS),
which is a tetrahedral tetrasulfonic acid to fabricate d-POSs
with highly fluorinated nanospaces in which fluorine atoms
are densely exposed on the void surface. In addition, the
density of fluorine in this highly fluorinated nanospace is the
highest among all organic-based porous materials. As
expected, the d-POS with a highly fluorinated nanospace
exhibited significantly high water stability.

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Results and Discussion

As shown in Figure 1b, we previously reported that organic
salts composed of TPMA and MTBPS, which have tetrahe-
dral structures, resulted in the formation of d-POS (TPMA/
MTBPS) via recrystallization with benzonitrile (a template
molecule that facilitates the formation of porous structures)
in a good solvent such as N,N-dimethylformamide
(DMF),"™!% and TPMA/MTBPS exhibited high structural
robustness. However, as shown in Figure S1, the hydrogen
bonds in the crystal structure of TPMA/MTBPS are easily
attacked by water molecules, and therefore TPMA/MTBPS
is usually unstable in the presence of water molecules (that
is, at high humidity conditions or in water). In contrast, the
phenyl rings of TPMA were exposed on the void surfaces of
the d-POSs, and introduced substituents into the phenyl
rings of TPMA also exposed on their void surfaces. There-
fore, the introduction of appropriate substituents can control
their void environments.""*! This work aimed to improve the
water stability of d-POSs, and we focused on fluorine
substituents with excellent water-repellency and hydropho-
bicity. As shown in Figure lc, left, three types of TPMA
derivatives, namely tris(4-fluorophenyl)methylamine
(TPMA-F), tris(3,5-difluorophenyl)methylamine (TPMA-
2F), and tris(3,4,5-trifluorophenyl)methylamine (TPMA-
3F), were synthesized by introducing fluorine substituents
into the para- and/or meta-positions of the phenyl rings of
TPMA (the details of the synthesis procedure are written in
Supporting Information). As shown in Figure 1c, right, these
TPMA derivatives were then combined with MTBPS to
fabricate d-POSs (TPMA-F/MTBPS, TPMA-2F/MTBPS,
TPMA-3F/MTBPS), in which fluorine atoms are exposed on
the void surfaces. In this work, the recrystallization con-
ditions were reevaluated using benzonitrile as the template
molecule and N,N-dimethylacetamide (DMA) as a good
solvent. As shown in Figure S2, powder X-ray diffraction
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(PXRD) data exhibited that the porous structure of TPMA-
F/MTBPS in this work differed from that of TPMA-F/
MTBPS in our previous report.'™! On the other hand, the
PXRD pattern of TPMA-F/MTBPS in this work coincided
with that of TPMA/MTBPS, which have strong peaks at
260=4.64, 5.58 (Figure S3), and therefore this indicated the
porous structure of TPMA-F/MTBPS in this work is
identical to that of TPMA/MTBPS. In fact, the porous
structure of TPMA-F/MTBPS, which was analyzed by single
crystal X-ray structure analysis, exhibited almost the same
crystal parameters as that of TPMA/MTBPS (Table S1). In
addition, as shown in Figure S3, the porous structures of
TPMA-2F/MTBPS and TPMA-3F/MTBPS were also identi-
cal to that of TPMA/MTBPS. Therefore, three porous
structures identical to TPMA/MTBPS and with different
amounts of substituted fluorine atoms were successfully
constructed. The void environments of these fluorine-
containing POSs were evaluated using structural simulations
based on the crystal structure of TPMA/MTBPS (Table 1).
As listed in Table 1, line 2, the number of fluorine atoms in
these d-POSs increased with increasing amounts of sub-
stituted fluorine atoms of TPMA. The number of fluorine
atoms per unit volume was 3.1/1000 A> for TPMA-F/
MTBPS, 6.1/1000 A® for TPMA-2F/MTBPS, and 9.2/1000 A*
for TPMA-3F/MTBPS. Furthermore, as listed in Table 1,
line 3, the porosity of these d-POSs slightly decreased with
increasing amounts of substituted fluorine atoms, but their
porous structures were identical to that of TPMA/MTBPS,
and therefore these d-POSs maintained a high porosity of
approximately 40 %. In particular, although TPMA-3F/
MTBPS had a high porosity of 38.4%, the substituted
fluorine atoms were very densely exposed on its void
surface, and therefore a highly fluorinated nanospace was
successfully formed.

The porous structures of the d-POSs before and after the
removal of the template molecules were analyzed by PXRD

Table 1: Environment of the void surfaces, number of substituted fluorine atoms per unit volume, exposure rate on the void surfaces of the

fluorine atoms, and porosity of the d-POSs.

NH,

TPMA
Derivatives O

TPMA

)

Void Surface
Outside of the void

B Inside of the void

OF

The number of F - 3.1/1000 A®
(per unit volume)
Porosity 40.7% 39.8%

(PLATON)

6.1/1000 A’

9.2/1000 A’

39.2% 38.4%
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(Figure S4). The crystallinity of TPMA/MTBPS without
fluorine substituents significantly decreased after drying to
remove the template molecules. Therefore, TPMA/MTBPS
requires a time-consuming process, such as the supercritical
fluid carbon dioxide (SCFCO,) process, for the removal of
the template molecules."' In contrast, as shown in Figur-
es S4b and S4d, TPMA-F/MTBPS, TPMA-2F/MTBPS, and
TPMA-3F/MTBPS enabled easy removal of the template
molecules by drying at 25 or 70°C, while maintaining a high
crystallinity. This is presumably attributed to the weakened
interactions between the void surfaces of the d-POSs and
the template molecules owing to the exposure of fluorine
atoms on the void surfaces. For the d-POSs before the
removal of the template molecules, the structural transitions
of the porous structures with increasing temperature and
thermal stability were characterized by variable temper-
ature-PXRD (VT-PXRD)"" (Figure S5) and thermogravi-
metric analysis (TGA) (Figure S6) measurements, respec-
tively. As shown in Figures S5-S7 and Table S2, the thermal
stability of the d-POSs with highly fluorinated nanospaces
was improved by increasing the number of fluorine sub-
stituents. In particular, TPMA-3F/MTBPS exhibited the
highest thermal stability among the d-POSs, maintaining its
porous structure without structural transition up to 265°C,
which is the decomposition point of the organic salts.

After the removal of the template molecules, as shown
in Figure S8, the porosity of the d-POSs with highly
fluorinated nanospaces was evaluated by N, adsorption
(=196°C) and CO, adsorption (—78°C) measurements. As
listed in Table S3, the N,-Brunauer-Emmett-Teller (BET)
surface areas calculated from the N, adsorption isotherms of
TPMA-F/MTBPS, TPMA-2F/MTBPS, and TPMA-3F/
MTBPS were 447 m?/g, 282 m*/g, and 410 m?/g, respectively.
Furthermore, the CO,-BET surface areas calculated from
the CO, adsorption isotherms of TPMA-F/MTBPS, TPMA-
2F/MTBPS, and TPMA-3F/MTBPS were 481 m%/g, 325 m”g,
and 678 m%g, respectively. These results indicate that the
introduction of fluorine substitution significantly influenced
the void environments of the d-POSs and increased their N,-
and CO,-BET surface areas (for further details regarding
the gas adsorption measurements, please see the gas
adsorption section in the Supporting Information).

In the presence of water, ascribed to attacking hydrogen
bonds from the water molecules, which enter the void space
of d-POSs, the unsubstituted TPMA/MTBPS was unstable.
As shown in Figure 2a, the crystallinity of TPMA/MTBPS
completely disappeared after 1day under conditions of
25°C and 100 % RH. This is a very common characteristic of
d-POSs. d-POSs with high water stability have not yet been
reported. However, the developed d-POSs possess exposed
fluorine atoms with excellent water-repellency on the void
surface. Therefore, it is considered that water molecules are
less likely to approach the hydrogen-bonded clusters and
attack the hydrogen bonds in the d-POSs. Therefore, the d-
POSs with highly fluorinated nanospaces were also exposed
to 25°C and 100 % RH for 1 day. As shown in Figure 2, the
water stability of the d-POSs was dramatically improved
with an increase in the number of fluorine substituents.
TPMA-3F/MTBPS, which has the highest fluorine density

Angew. Chem. Int. Ed. 2024, 202407484 (4 of 9)
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Figure 2. PXRD patterns of the POSs. (a) TPMA/MTBPS, (b) TPMA-F/
MTBPS, (c) TPMA-2F/MTBPS, and (d) TPMA-3F/MTBPS, after tem-
plate removal (black), under 100% RH at 25°C for 1 day (blue), and
after water immersion at 25 °C for 7 days (red).

(b) TPMA-F/IMTBPS

20 30
20 (degree)

on the void surface, maintained a high crystallinity even
after 1day under conditions of 25°C and 100% RH,
demonstrating its high water stability even under high
humidity conditions. Moreover, as shown in Figure 2d,
TPMA-3F/MTBPS maintained its porous structure and high
crystallinity even after being completely immersed in water
for more than one week, and exhibited identical adsorption
isotherm as before (Figure S9). Based on the above, the
extremely high water stability of TPMA-3F/MTBPS was
demonstrated.

To determine whether water molecules can enter the
highly fluorinated nanospaces in TPMA-3F/MTBPS which
has high water stability, water vapor adsorption measure-
ments were performed at 25°C. As shown in Figure 3,
TPMA-3F/MTBPS adsorbed 160 mL(STP)/g of water vapor
at P./P,=0.90, indicating that water molecules can enter the
highly fluorinated nanospaces, which is presumably attrib-
uted to its relatively large void size (>10 A) as shown in
Figure 1b. Therefore, although the void surface of this highly
fluorinated nanospace is extremely water-repellent, it con-
tains areas where water molecules can exist. Furthermore,
by introducing hydrophobic fluorine atoms, TPMA-3F/
MTBPS did not adsorb the water vapor at low pressure and
drastically adsorbed at relatively high pressure (P./P,> 0.6).
The reference [18] reported that the introduction of fluorine
substituents improves the hydrophobicity of the framework
and strongly increases the activation energy barrier of the
system for the diffusion of water. In addition, the other
reference" reported that void surfaces adsorbed the water
molecules in order of their hydrophilicity, and therefore as
the hydrophobicity of the surface increased, a higher
pressure for the adsorption of water molecules was required.
In other words, the larger the percentage of hydrophobic
surfaces in the entire void surface, the lower the amount of
adsorption for water vapor at low pressure, and the higher
the hydrophobicity of the void surface, the higher the
pressure threshold for a rapid increase in water vapor
adsorption. Furthermore, Figure 3 shows that TPMA-3F/

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Water vapor adsorption/desorption isotherms of TPMA-3F/MTBPS (H,O, 25°C). P, represents the gas adsorption pressure and P,
represents the condensation pressure of the adsorbate at the measurement temperature. The maximum adsorption capacity of160 mL(STP)/g at
P./P,=0.90 in the water vapor absorption isotherm was converted to 7.14 mmol of water in 1 g of d-POS, and we calculated the number of units
composed of a sulfonic acid molecule and four amine molecules, included in 1 g of d-POS. Then, the number of water molecules was divided by
the number of a unit the in 1 g of d-POS, and the relative water molecules absorbed/d-POS components were estimated.

MTBPS adsorbed 18.8 water molecules per MTBPS mole-
cule and four TPMA-3F molecules. Although the void
surface of TPMA-3F/MTBPS was covered with hydrophobic
fluorine atoms, the highly fluorinated nanospace allowed
numerous water molecules to exist at P./P;=0.90. More-
over, as shown in Figure S10, TPMA-3F/MTBPS maintained
a high crystallinity after the water vapor adsorption meas-
urements, demonstrating its high stability for water mole-
cules, which entered the void. On the other hand, other
reported POSs materials are unstable in aqueous environ-
ments, and their structures are expected to collapse during
water vapor adsorption measurements. Therefore, the
accurate water adsorption capacities of other reported POSs
materials have not been reported, and TPMA-3F/MTBPS is
the first POS that is stable in water and exhibits water vapor
adsorption. As listed in Table S4, the number of fluorine
atoms per unit volume of TPMA-3F/MTBPS was extremely
high among organic-based porous structures, in which water
molecules can enter their voids and whose detailed struc-
tures have been reported. This indicates that the highly
fluorinated nanospace in TPMA-3F/MTBPS is the most
water-repellent and hydrophobic organic-based porous
structure, which water molecules can enter.

Because of the extremely weak interactions with the
void surface, water molecules reportedly form unique net-
works in hydrophobic nanospaces of MOFs (<3 nm to
4 nm), resulting in rapid water transport and high proton
conductivity.”™ As shown in Figure 1b, right, the highly
fluorinated nanospace in TPMA-3F/MTBPS has a maximum
void size of approximately 1.2 nm (12 A), and therefore, the
water molecules in TPMA-3F/MTBPS are assumed to
conduct protons. Therefore, the proton conductivity of
pelletized TPMA-3F/MTBPS was measured by electrochem-
ical impedance spectroscopy (EIS), as shown in Figures 4

Angew. Chem. Int. Ed. 2024, 202407484 (5 of 9)

and S11. Proton conductivity was calculated by fitting
analysis, which assumed the equivalent circuit in Figure S12.
Proton conduction in TPMA-3F/MTBPS did not show the
typical dielectric relaxation under low humidity (25°C and
30 % RH), and therefore TPMA-3F/MTBPS did not exhibit
proton conductivity. In contrast, as shown in Figure 4b and
Tables S5 and S6 under a high humidity condition (25°C
and 95 % RH), proton conduction in TPMA-3F/MTBPS
exhibited dielectric relaxation, as indicated by the flattened
semicircles corresponding to the bulk and grain boundary
resistances in the high frequency range, and TPMA-3F/
MTBPS had a proton conductivity of 1.11x10-5 S/cm. As
shown in Table S7, the direct current (DC) electrical
conductivity of 9.59x1077 S/cm calculated by DC resistance
measurements was smaller than 1.11x107° S/cm, indicating
that TPMA-3F/MTBPS exhibits proton conductivity under
high humidity conditions. Furthermore, under extremely
high humidity conditions (95 % RH), the temperature de-
pendence of proton conductivity for TPMA-3F/MTBPS was
evaluated at various temperatures (Figure S11 and Tables S5
and S6). As shown in Figure 4b and Table S5, the proton
conductivity of TPMA-3F/MTBPS increased with increasing
temperature from 2.18x10™ S/cm at 30°C to 3.67x10™* S/cm
at 60°C. Morecover, as shown in Table S8, TPMA-3F/
MTBPS exhibited a high proton conductivity of 1.34x107* S/
cm at 90°C, which is comparable to that of general Nafion
(1072 S/cm™") and higher than those of other organic-based
porous materials, without the need for proton donors such
as acids. In general, the proton conductivity improves with
increasing temperature, and therefore proton-conductive
materials are desirable to be used at as high a temperature
as possible.”” However, the glass transition temperature of
general Nafion is about 120°C.?"! Furthermore, when using
Nafion at above 140°C, irreversible degradation is caused,
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Figure 4. Proton conductivity of TPMA-3F/MTBPS. Impedance spectra of the disk-shaped pellets of TPMA-3F/MTBPS (a) under 30% RH and (b)
under 95% RH at 25°C (black), 30°C (blue), 60°C (red), and 90°C (green). The flattened semicircles in the high-frequency region contain two
components: bulk resistance and grain boundary resistance.®” (c) The number of included fluorine atoms per unit volume and calculated proton
conductivities at 90 °C comparison for TPMA-3F/MTBPS and previously reported porous structures with fluorinated nanospace.”

and its proton conductivity drastically decreases.” On the
other hand, TPMA-3F/MTBPS have higher thermal stability
(256°C) compared to the general Nafion, and therefore
TPMA-3F/MTBPS can be used at higher temperatures for
improving the proton conductivity of the electrolyte mem-
brane, and TPMA-3F/MTBPS can be facilely regenerated
by re-dissolving and recrystallization even in the case of a
decrease in the crystallinity. In addition, as shown in
Table S9, the crystal of TPMA-3F/MTBPS exhibited low
density ascribed to its higher porosity of approximately 40 %
than those of other proton-conducting POSs (<20%).
Therefore, TPMA-3F/MTBPS is the lightest among the
previously reported proton-conducting POSs with a high
proton conductivity (>107* S/cm),? and can help to further
reduce the weight of the electrolyte membrane and expand
applications of fuel cells using them.” Furthermore, as
shown in Figure 4c and Table S10, TPMA-3F/MTBPS ex-
hibited both a vast number of included fluorine atoms per
unit volume and the extremely high proton conductivity
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among porous structures with fluorinated nanospace. In the
porous crystal of TPMA-3F/MTBPS, ascribed to all sulfo
groups of MTBPS forming hydrogen bonds with the amino
groups, sulfo groups of MTBPS cannot provide protons to
the highly fluorinated nanospace. Therefore, in the case of
proton conduction of TPMA-3F/MTBPS, the confined water
is more likely to be the proton source. The confinement
effect of the nanospace for water molecules greatly lowers
the free energy barrier for self-dissociation, and enhances
the self-dissociation process of water molecules.’® As a
result, confined water is reported to self-dissociate more
readily, and exhibits an ionic product (K,) about two orders
of magnitude greater than bulk water.”™ For example, the
references™ exhibited that the pK, value of the confined
water reached 6-7, and this acidity was comparable to that
of the proton source in the hydrophobic nanospace with a
diameter of 10 A in the MOF, which exhibited the proton
conductivity of 1072 S/cm.?® Therefore, also in the hydro-
phobic nanospace with the similar diameters of 5.0-12 A in
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TPMA-3F/MTBPS, the self-dissociation of water presum-
ably behaves as an excellent proton source. The reference®”
reported that the nanospace with a narrow bottleneck
limited the hydration structure of hydroxide ions, and the
vehicular diffusion of hydroxide ions was two orders of
magnitude smaller than that of protons.” Therefore, the
effects of hydroxide ions on the proton conduction in
TPMA-3F/MTBPS were much smaller than the effects of
protons, and hydroxide ions hardly influenced the proton
conductivity.* In addition, fluorine atoms introduced on
the surface of the nanospace have been reported to decrease
the free energy of hydronium ions, and to stabilize them.""
Therefore, the highly fluorinated nanospace in TPMA-3F/
MTBPS should stabilize hydronium ions, and indirectly
contribute to the increase in hydronium ions. Furthermore,
free sulfo groups at the terminus of TPMA-3F/MTBPS may
supply some protons. In the PXRD and NMR data of
TPMA-3F/MTBPS after impedance measurement, although
peak intensity decreased from before impedance measure-
ment, the peak position was unchanged, and therefore the
porous structure was maintained (Figures S14 and S15).
Proton conduction in hydrophobic nanospaces under high
humidity conditions using highly crystalline organic-based
porous materials has only been observed in a few MOFs.*"
The observation of proton conduction in the hydrophobic
nanospaces of all-organic porous materials has not been
reported thus far. This is the first work to demonstrate
proton conduction using a hydrophobic nanospace in an all-
organic porous material.

Flucidating the proton conduction mechanism is crucial
for analyzing and improving proton conductivity. Proton
conduction is considered to occur via one of two mecha-
nisms: the vehicle mechanism or the grotthuss mechanism.
In general, the rate-limiting step in the grotthuss mechanism
is considered to be the cleavage of hydrogen bonds.”"
Typical hydrogen bond energies are reported in the range
from 0.1 to 0.4 eV, and therefore the activation energy of
the grotthuss mechanism also ranges from 0.1 to 0.4 eV. In
other words, at activation energies above 0.4 eV, proton
conduction follows the vehicle mechanism, and at activation
energies below 0.4 eV, it follows the grotthuss mechanism.
In the hydrophobic nanospaces of MOFs, water molecules
form specific clusters, and protons are conducted through
the hydrogen-bonded network between the clusters. There-
fore, proton conduction in MOFs has been reported to
follow the grotthuss mechanism.”” In this work, as shown in
Figure S16, Arrhenius plots of the proton conductivity at
each temperature under a high humidity condition
(95 % RH) were used to estimate the activation energy (E,)
for proton conduction in TPMA-3F/MTBPS. The E, of
proton conduction in TPMA-3F/MTBPS was 1.01¢eV,
indicating that proton conduction in TPMA-3F/MTBPS
should follow the vehicle mechanism. This is ascribed to the
fact that the hydrophobic fluorine atoms exposed on the
void surface restrict the formation of hydrogen bonds
between water molecules. G. He etal. reported on the
dynamics of water molecules and hydronium ions in carbon
nanotubes with different diameters (6.8-14 A).*'¥ In partic-
ular, this simulation calculated detailed relations between
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the hydrophobicity of the surfaces, and the hydrogen
bonding network or the abundance ratio of water molecules
and hydronium ions in these carbon nanotubes, by gradually
fluorinating the surfaces. This simulation revealed that as
the hydrophobicity of the surface increases by fluorination,
the dynamics of water molecules and hydronium ions are
limited, and therefore the probability of forming hydrogen
bonding between water molecules and hydronium ions
decreases, regardless of the size of the diameter. The
formation of hydrogen bonding is known to inhibit the self-
diffusion of water molecules,* and therefore the improve-
ment of the hydrophobicity of the surface by fluorination is
considered to support the self-diffusion of hydronium ions
following the vehicle mechanism. In addition, this simulation
exhibited that fluorination of the surface of carbon nano-
tubes increases the number of hydronium ions and decreases
the number of water molecules inside the carbon nanotubes.
This indicated that the confinement effect of these fluori-
nated nanospace for water molecules greatly lowers the free
energy barrier for self-dissociation and enhances the self-
dissociation process of water molecules. Therefore, even in
the highly fluorinated nanospace with the similar diameters
of 5.0-12 A in TPMA-3F/MTBPS, the self-dissociations of
water molecules in the nanospace supply the protons, and
these protons were most likely transferred as hydronium
ions following the vehicle mechanism rather than via the
specific hydrogen-bonded network of water molecules, were
supported by past theoretical calculation.”'**! Furthermore,
as shown in Figure 4c, only proton conductions in TPMA-
3F/MTBPS and CoCa-PF,-nH,0,%* which include a vast
number of fluorine atoms (>9/1000 A%), exhibited the high
E, (>0.5¢eV), and proton conductions in other perfluoro
spaces, which include a few number of fluorine atoms (< 5/
1000 A%), exhibited the low E, (< 0.4 eV). This is ascribed to
the improvement of hydrophobicity of the void surfaces with
increasing the density of fluorine, and consistent with the
previous report® that the highly hydrophobic pore surface
restricts the continuous hydrogen bonding network of water
molecules. Therefore, the vehicle mechanism presumably
dominates proton conduction in highly hydrophobic nano-
space, such as in TPMA-3F/MTBPS. From the above, the
improvement of the number of included fluorine atoms per
unit volume increases the E, of proton conduction, and
therefore the temperature dependence of proton conductiv-
ity becomes larger. In summary, this work revealed the
excellent proton conductivity (1.34x1072S/cm at 90°C)
(Table S8) of the highly fluorinated nanospace in an all-
organic porous material with highly hydrophobic nanospace
for the first time.

Conclusion

In this work, MTBPS, which has a tetrahedral structure, and
TPMA derivatives with fluorine substituents at the para-
and meta-positions of the phenyl rings were combined to
fabricate d-POSs with highly fluorinated nanospaces. For
TPMA-3F/MTBPS, the highly fluorinated nanospace con-
tained 9.2 fluorine atoms per 1000 A% and these fluorine

© 2024 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U9017 SUOLULIOD AR 3|qedl|dde au Aq peusenob a1e sojoiie WO ‘38N J0 S3|NnJ o4 Ariqi auluO 8|1 UO (SUOIPUOD-pLE-SWLSI/D" AS | 1M Ale.q U |UO//SaxY) SUORIPUOD Pue SLWd | 8Y) 835 *[7202/80/cg] o Areiqi auliuo As|im 'exesO JO AiseAIuN 8y L AQ 81,0720 91LUe/200T OT/10p/wod A1 Arelq1pul|uo//sdny Wwolj papeo|umod ‘0 ‘€LLETZST



GDCh
=

atoms were densely exposed on the void surface. Ascribed
to the water-repellent and hydrophobic fluorine atoms
covering the void surface, this d-POS exhibited very high
water stability and maintained its crystal structure even after
immersion in water for more than one week. Furthermore,
TPMA-3F/MTBPS adsorbed 160 mL(STP)/g of water vapor
at P/Py=0.90, which was attributed to its large porosity
(38.4 %). This is the first report on water molecules entering
hydrophobic nanospaces in an all-organic porous material.
Moreover, the developed highly fluorinated hydrophobic
nanospace promotes proton conduction, without the addi-
tion of proton donors such as acids, and water molecules in
this highly fluorinated hydrophobic nanospace exhibit a high
proton conductivity of 1.34x107% S/cm at 90°C and 95 % RH.
Furthermore, these extremely hydrophobic nanospaces with-
out exposed metal elements on the void surface implied that
proton conduction follows the vehicle mechanism, which
differs from the complex hydrophobic nanospaces in
previously reported porous materials.*** This work also
demonstrated that d-POSs are applied in aqueous environ-
ments. POSs with tailorable hydrophobic nanospaces may
significantly advance the elucidation of the dynamic proper-
ties of specific “water” in pure hydrophobic environments.
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This work successfully constructed uni-

form highly fluorinated nanospaces with-

out impurities such as metals. This
highly hydrophobic nanospace exhibits
high water stability, and is the first all-
organic hydrophobic nanospace where
water molecules can enter. Furthermore,
this nanospace exhibits very high proton
conductivity of 1.34x107% S/cm at 90°C
and 95%RH.
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