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Aluminum organophosphonate (AOP)-type mesoporous materials can be prepared using amphiphilic
organic compounds in which an aluminophosphate (AlPO)-based inorganic unit and a designable
organic linker are distributed alternately in non-silica-based inorganic—organic hybrid frameworks
around supramolecular-mediated mesopores. In general, the resultant AIPO-based frameworks are
amorphous and have potential as proton conductive surfaces due to the presence of abundant free
phosphoric acid (P-OH) groups and water (H,O) molecules coordinated to the tetrahedral AlO4 units in
combination with the smooth transportation of protons inside the mesopores. In this study, a series of
AOP-type mesoporous materials was prepared using a polymeric triblock copolymer (e.g., Pluronic P123,
EO,0PO,0EO,0) to reveal the derived proton conductivity at AIPO-based surfaces with and without
methylene (-CH,-), ethylene (-CyH4-) and phenylene (-CgHs—) groups. The networking of H,O
molecules was restricted by the presence of strongly hydrophobic organic linkers, even under high-
humidity conditions (95% RH). This was a key factor to change the proton conductive mechanism from
the Vehicle mechanism at low temperature to the Grotthuss mechanism at higher temperature, with

a highest proton conductivity of >107> S cm™, comparable to that observed for hydrophilic AIPO-based
Received 28th August 2025 : ks. Th tivati tivel ti Lto the si f th ic linker due t
Accepted 13th October 2025 rameworks. The activation energy was negatively proportional to the size of the organic linker due to

the decrease in the number of hydrogen bonds formed/broken during the proton conduction. These
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1. Introduction

Proton conductive materials are essential for developing a wide
variety of cutting-edge electrochemical devices, such as fuel
cells, sensors and supercapacitors.’” In general, protons are
transported and transferred by using acidic functional groups
(e.g.,~SOzH) as well as surface hydroxyl (-OH) ones and/or water
(H,O) molecules adsorbed on the surfaces. Considering such
structural features, metal phosphates are one of the promising
and highly designable proton conductive materials. As a typical
example, aluminophosphate (AIPO)-based materials, structured
by alternate tetrahedral AlO, and PO, units, are very fascinating
because of the presence of many P-OH groups and adsorbed
H,0 molecules.* However, the presence of surface -OH groups
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insights are quite unique for controlling the proton/water transport rate and the mechanism by designing
the organic linker of AOP-type mesoporous materials.

is quite limited by the formation of neutral frameworks with
alternative networks formed by positive P>*(0*7), (PO,) and
negative AI’*'(0°7), (AlO4) in the resultant open-framework
AlPO-based materials. In this context, layered AIPO-based
materials have so far been introduced as excellent proton
conductors due to the presence of many terminal -OH groups
and P=0 units.>® Besides, most of the previous works are
concerned with the optimization of external factors, such as the
conditions of measurement (e.g., temperature and humidity)
and the type of proton carrier.” To improve the proton
conductivity by structural design, high-surface-area AIPO-based
materials, especially surfactant-assisted mesoporous ones, are
quite promising for the formation of amorphous frameworks.

The synthetic approach of mesoporous AIPO-based materials
was initially found using alkyltrimethylammonium (C,TMA)-
type surfactant.'®' The surface properties of the resultant
amorphous frameworks were extremely hydrophilic, which can
be revealed by H,O adsorption-desorption measurements.”
The use of amphiphilic organic compounds such as EO,PO,,-
EO,, was also possible for the mesostructural design of metal
phosphates, including AIPO-based materials.”*™** In addition to
the presence of many P-OH groups, proton carriers like H,O
can be condensed inside continuous channels.'®” Accordingly,
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porous materials have been studied increasingly for the design
of proton conductive devices."*?° Acidic functional groups, such
as carboxyl (-COOH), sulfonic (-SO3;H) and phosphoric (-
PO(OH),) groups, also assist the formation of a hydrogen-
bonding network as the proton conduction pathway.*'>* A
wide variety of open-framework materials with designable
organic linkers have been investigated to adjust the surface
affinity to proton carriers.>**® Well-defined AIPO-based mate-
rials are very helpful for discussing the effect of structural
features on the proton conductivity and the mechanism, rather
than amorphous materials like conventional polymers.*®

So far, we have reported the synthesis of surfactant-assisted
mesoporous metal bisphosphonates, mainly aluminum orga-
nophosphonate (AOP), as successful examples of inorganic-
organic hybrid mesoporous materials.?”*® The AIPO-based
inorganic units are distributed throughout the whole hybrid
framework with covalently bonded organic linkers around
supramolecular-mediated mesopores. The strong hydrophi-
licity of the AIPO-based frameworks is reduced by the presence
of integral organic groups.” The mesostructural parameters
(e.g., pore size and wall thickness) of the AIPO-based frame-
works can be adjusted without changing the framework
composition. This is one of their unique structural features,
being totally different from highly crystalline and porous
materials such as metal-organic frameworks (MOF) and cova-
lent-organic frameworks (COF).**** The controllable surface
properties, in addition to the presence of surfactant-assisted
mesopores, are also useful for investigating the proton
conductive mechanism due to the presence of free P-OH groups
enhanced by the presence of H,O molecules at the surfaces and/
or improving the proton conductivity. In this study, we con-
structed the molecular-scale structure of AlPO-based frame-
works to demonstrate the uniqueness of the amorphous
frameworks with many surface P-OH groups. After evaluating
the proton conductivity over the designed surfaces containing
identical mesopores under the conditions of controlled
humidity at different temperatures, we will then discuss the
rational guidelines for improving the proton conductivity over
AlIPO-based frameworks with and without organic linkers.

2. Experimental section
2.1 Materials

Pluronic P123 (EO,,PO;0EO,,) was obtained from Sigma-
Aldrich. Methylene diphosphonic acid ((HO),OPCH,PO(OH),)
and ethylene diphosphonic acid ((HO),OPC,H,PO(OH),) were
purchased from AZmax Co. Ltd. Tetraethyl 4,4’-phenyl-
enebisphosphonate ((H5C,0),0P-Ph-PO(OC,Hs5),)
purchased from Epsilon Chemie. Anhydrous aluminum chlo-
ride (AICl;) and dehydrated ethanol (EtOH) were obtained from
Wako Chemical Co. Phosphoric acid (85% H;PO,) was
purchased from Kanto Chemical Co. Inc.

was

2.2 Synthesis of mesoporous AOP-type materials

Referring to the key process disclosed in our previous works,**?*
clear precursor solutions containing Pluronic P123 were
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prepared for the synthesis of mesoporous aluminum methylene
(-CH,-, -Me-), ethylene (-C,H,-, -Et-) and phenylene(-C¢H,-,
-Ph-)bisphosphonate-type materials, respectively expressed as
AOP-Me, AOP-Et and AOP-Ph. Although mesoporous AOP-Me-
and AOP-Et-type materials were obtained by the reactions
between the corresponding bisphosphonic acid and AlCI;,*
a reactivity-designed phenylene bisphosphonate compound
should be used for obtaining the mesoporous AOP-Ph-type one
because of an insufficient reactivity of phenylene bi-
sphosphonic acid to AICl;. An ester-type phenylene bi-
sphosphonate (H5C,0),0P-Ph-PO(OC,H;), (17.51 g, 50 mmol)
was treated in a closed bottle with an aqueous solution of
hydrochloric acid (5 M HCI 20 mL, plus H,0 20 mL) at around
90 °C for 6 h and dried by heating it in an open Petri dish.*?

In the synthesis of AOP-Me, AOP-Et and AOP-Ph, all the
precursor solutions were prepared by using the same procedure.
Pluronic P123 (1.6 g) was dissolved in EtOH (10 mL) containing
a little H,O (1 mL). Anhydrous AICl; powder (0.67 g) was added
little-by-little to another ethanolic solution (10 mL with H,O 1
mL) of (HO),0PCH,PO(OH), (0.88 g), (HO),OPC,H,PO(OH),
(0.96 g) and partly acidified (H5C,0),0OP-Ph-PO(OC,H5), (1.47
), stirred for 15 min and combined with the ethanolic solution
of Pluronic P123. The precursor solutions were stirred for
120 min and spray-dried at 110 °C (Yamato Scientific Co., Spray
Dryer GB22). For comparison, a mesoporous AIPO-type material
(without organic linkers) was also synthesized through a similar
spray drying process.* After 85% phosphoric acid (0.33 mL) was
added to EtOH (30 mL) containing Pluronic P123 (1.0 g),
anhydrous AICl; (0.67 g) was added slowly under stirring. After
stirring for 30 min, the precursor solution was spray-dried at
170 °C. To remove EO,PO,EO,-type amphiphilic organic
molecules, all the powder samples (1.5 g) were treated three
times in dehydrated acetone at 90 °C for around 16 h in
a Teflon tube.*

2.3 Characterization

Low-angle X-ray diffraction (XRD) patterns were measured by
using a Rigaku RINT 2100 diffractometer with monochromated
Fe Ko radiation (40 kv, 30 mA). Fourier transform infrared (FT-
IR) spectra were recorded on an IRSpirit spectrophotometer
(Shimadzu, Japan). Adsorption-desorption isotherms of
nitrogen (N,) and water (H,O) vapor were measured at —196 °C
and 25 °C by using a BELSORP-max X (MicrotracBEL, Japan),
respectively. The samples were degassed at 80 °C for 3 h under
vacuum before the measurements. Specific surface area was
calculated by the Brunauer-Emmett-Teller (BET) method using
adsorption data of N, (described as N,-Spgr) and the total pore
volume was estimated by using the amount adsorbed at around
P/P, = 0.95. The surface hydrophilicity and hydrophobicity were
briefly evaluated by using adsorption behavior and capacity of
H,O0 molecules.

Proton conductivity was measured by using pelletized
samples pressed in a cylindrical die (surface area; 0.785 cm?).
All the samples were pressed under the same conditions with
a constant pressure (30 MPa) for 10 s to form their uniform
pellets. The compacity of each disk-shaped pellet was 1.41-

This journal is © The Royal Society of Chemistry 2025
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1.43 g cm° and standardized with the thickness of 0.5-1.0 mm.
AC impedance measurements were performed with an ALS 760E
dual electrochemical analyzer (BAS Ltd) in the frequency range
from 107" to 10° Hz at 0.01 V (amplitude voltage). Relative
humidity (RH) and temperature were controlled by an IW223
incubator (Yamato Scientific Co). The resistance value was
determined from the equivalent circuit fit (see Fig. S1) of the
first semi-circle using pyZwx. The activation energy for proton
transport was calculated from the variable temperature data at
constant relative humidity (95% RH) using the Arrhenius
equation o = (0o/T)exp(—EJ/kT), where ¢ is conductivity, o, is
a pre-exponential factor, T is temperature, k is the Boltzmann
constant, and E, is the activation energy. All conductivity values
were calculated from the resistance values obtained from three
repeated measurements under the same conditions. Protons
are conducted by either the Vehicle or the Grotthuss mecha-
nism. The contribution of the Vehicle mechanism increases
with E, of >0.4 eV, whereas that of the Grotthuss mechanism
increases with E, of <0.4 eV.

3. Results & discussion

A series of AOP-type mesoporous materials containing organic
linkers, such as ethylene (-CH,-, -Me-), ethylene (-C,H,-, -Et-)
and phenylene (-C¢H,-, -Ph-) groups, were prepared using
Pluronic P123 for systematic control of the hydrophilicity and
hydrophobicity of the mesopore surfaces. This property can be
confirmed through adsorption measurements of H,O vapor.
The AOP-type materials (respectively expressed as AOP-Me,
AOP-Et and AOP-Ph) as well as the AIPO-type one (expressed
as AIPO without any organic linkers) were then obtained using
Pluronic P123 through an evaporation-induced self-assembly
(EISA) process by spray-drying the precursor solutions and
subsequent treatment in dehydrated acetone to eliminate
EO,PO,,EO,-type amphiphilic organic molecules.

3.1. Aerosol-assisted synthesis of mesoporous AOP-type
materials

The FT-IR spectra of the mesoporous AOP-type materials after
spray-drying (before the removal of Pluronic P123) and subse-
quent treatment in dehydrated acetone (after the removal of
Pluronic P123) are shown in Fig. 1a, along with those observed
for an AlPO-type material. Assignments of the characteristic
bands unique to the presence of EO,PO,,EO,-type amphiphilic
organic molecules and the formation of AIPO-based frameworks
are summarized in Table S1. For a typical example, the FT-IR
spectrum of AOP-Me showed a strong band at 1088 cm *,
which was derived from the vibration of P=0 stretching in free
phosphate groups.®*** The bands at 928-807 cm™ ' and 561-
443 cm™" were ascribed to the vibrations of asymmetric and
symmetric Al-O-P stretching, respectively.>* In addition to
those bands, bands due to the presence of EO,PO,,EO,-type
amphiphilic organic compounds were detected at 3009-
2893 cm ™}, 1638 cm ™! and 1450-1372 cm™* before the removal
of Pluronic P123, though some of them overlapped with the
bands arising from the AIPO-based framework. The broad

This journal is © The Royal Society of Chemistry 2025

View Article Online

Journal of Materials Chemistry A

1 1

bands at 3147 cm™ and 1638 cm = were assignable to the
vibrations of O-H stretching and O-H bending in free phos-
phoric acid (P-OH and P==0) and hydroxy (-OH) groups in
Pluronic P123 and adsorbed H,0.** The bands at 3009-
2893 cm™" and 1450-1372 cm ™" were attributed to the vibra-
tions of C-H stretching and C-H bending in the ~-CH,~ linkers
and Pluronic P123.** The bands due to the C-O stretching
vibration in Pluronic P123 were included in the range of the
P=0O stretching vibration (1088 cm™*) (see Fig. $2). The FT-IR
spectra of AOP-Et and AIPO exhibited bands due to the AIPO-
based framework and Pluronic P123 in almost the same
region as in the case of AOP-Me. In addition to those bands, two
bands appeared at 1338 cm ' and 1151 cm ' in the FT-IR
spectrum of AOP-Ph, which originated from C-H and C=C
stretching vibrations of the aromatic ring, respectively.?” After
the removal of Pluronic P123, the bands related to the presence
of Pluronic P123 disappeared in all of the spectra. In the case of
AOP-Ph, the bands due to the C-H stretching vibration were
observed at 2974-2905 cm™ . This is because the ester group of
the starting bisphosphonate still remained in part even after
completing all the synthetic process (e.g., the preparation of the
precursor solution, spray-drying of the precursor solution and
subsequent treatment of the dehydrated acetone).

The N, adsorption-desorption isotherms and corresponding
pore size distribution curves of all the samples are shown in
Fig. 1b. All of the isotherms showed type IV behaviors typical for
the presence of many mesopores.*® The pore size distributions
were very narrow and centered at around 8.1 nm, indicating the
formation of uniform tubular mesopores. For example, the
specific surface area and total pore volume of AOP-Me were 357
m® ¢g~" and 0.454 cm® g, respectively. The low-angle XRD
patterns of AOP-Me, AOP-Et and AOP-Ph-type mesoporous
materials after the removal of Pluronic P123 are shown in
Fig. 1c. The d-spacings were calculated to be around 9 nm,
which were observed at 26 = 1.29° (8.6 nm) for AOP-Me, 1.26°
(8.8 nm) for AOP-Et, 1.24° (9.0 nm) for AOP-Ph and 1.22° (9.1
nm) for AIPO. Higher order diffraction was also detected for
each sample (see Fig. S3), but the peaks were very weak, broad
and not assignable to a well-ordered mesoporous structure (e.g.,
the 2-d hexagonal arrangement of cylindrical mesopores).** This
could be related to the disordered packing of tubular but
uniform (8.1 nm) mesopores, being typically observed for
surfactant-assisted mesoporous materials inside spray-dried
spherical particles. To understand the final mesoporous struc-
ture, schematic illustrations of mesoporous AOP-Me-, AOP-Et-
and AOP-Ph-type materials, along with that of the mesoporous
AlIPO-type one, are also provided in Fig. 1c.

3.2. Surface properties of the AOP-type mesoporous
materials

The H,O adsorption-desorption isotherms of the AOP-Me, AOP-
Et, AOP-Ph and AIPO-type mesoporous materials are shown in
Fig. 2a. The isotherm of AOP-Me seemed to be type IV; the
adsorption of H,O molecules started at the low range of relative
humidity (RH) and increased gradually with capillary conden-
sation at around P/P, = 0.5. A large hysteresis loop was also

J. Mater. Chem. A
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Fig. 1 Synthesis of mesoporous AOP and AIPO-type materials. (a) FT-IR spectra before and after treatment in dehydrated acetone, (b) N,
adsorption—desorption isotherms and corresponding pore size distribution curves and (c) low-angle XRD patterns and schematic models of the
porosity and framework structure for AOP-Me, AOP-Et, AOP-Ph and AlPO.

observed in the desorption branch, indicating the presence of resultant surface hydrophobicity of AOP-Me as well as that
very strong interaction of H,O with the mesopore surfaces, observed for AIPO (H,O-Sggr; 667 m?> g’1 and 1.81), the H,O-
especially ligation of H,O molecules to the AlO, units and the ~ Sppr and Hy0-Sgp1/N,-Sgpr values were still large (502 m* g *
hydrolysis of the AIPO-based frameworks.'>* According to the and 1.41). The adsorption capacity of AOP-Me (0.42 g g™, 93%
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(a) H,O adsorption-desorption isotherms (b) Impedance spectra under 95% RH (c) Impedance spectra around the
temperatures at which the change in proton
conduction mechanism occurred

] 1
1 AOP-Me 11 AOP-Me ! | AOP-Me !
1 1
0.8 6 110
: Adsorption © : : . : : . :
15 0.7 4 Desorption @ | ! 1 . ° e P |
1D 6 ' ! ., 11 08 A o '
o) L. b ° . 1
1= 0.42gg" Yy . o ' o !
T 1 I —_ I
1 g 05 1 (@t PPy =099)|1 | S . . | 11506 A o |
= o oooee | | = * . o eNTH X o 1
' 9 0.4 - oo % Tol1 & o o . ed°c [ 1 Y 1
. 2
1R 03 | et 0 ° ple S e | | 1IN 04 - N
'€ oz RS ol 1 5 Sl
13 0.2 4 0® ! ®70C 1 o 034°C
10 o?® [ o ! 0.2 - > !
1E 04 { »°° Sper: 502 m? g*! I ).I’. ] s | | i %c !
1< H,O-Sger /Ny-Seer : 1.41 V! e | | esc | !
| 0.0 T T T T 1 0 T T 1 : 0.0 - T T T 1
. 00 02 04 06 08 10 0 2 4 6! 00 02 04 06 08 10!
! PP, ! z (10°Q [ ’
| AOP-Et e ' 1 AOP-Et (10°Q) '\ AOP-Et Z (k) !
- 1
. 1 1 1 - 1
: - 08 Adsorption : : 6 o ® : : 0 ° ° :
: Tm 0.7 A Desorption \ : s ol 1 : g | o . ® 1
1 O i [ 1 1
= 040ggt |11 _4 . e ) |
1D 05 A 4099 14 . . )
- (atPJP,=0.99) | ' & . . 1 Z6 |
1 04 e b = ., . bys !
1 © [ PN . N
1§03 - e - by o
: S o2 ' 21w o° ! .3200 ]
. g 2 14 : . >:.o ... : : 2 ° 3400 :
: < 0.1 1 N ‘O SN iBETE ‘113272”‘2 g’ : : -"'V : : o zz z :
: 0.0 <~ 2o UBET ooeer: o 1 : 0 . . 1 : 0 T 1
! 00 02 04 06 08 10 ! 0 6 | 8 10!
' AOP-Ph FelPo i ' AOP-Ph Z (k) A i
1 asr-rt 1 O | o = 0
108 N s j1o10 '
. Adsorption © h ! ! '
1507 A » ! ¢ 1
1O Desorption ® [ . 1 \ 8 1
1205 - 054gg" ) e. ¥ !
:E 05 (at PPy =0.99) &3]} ! % 2. ' 'S el
15 0 SO 2 2 = “el
1 ¢ 04 1 o® o | = e L esc| !
1% 03 oo’ $ N A N sanc|
- o ' o
1502 e’ S S a0 2
. g . ‘..cp' vo o0 00 © ° : | “'. P ..-. ...- : h 2 54 :C :
|2 01 | (o000 7 Swri320migl ) | f . | ool
| 0.0 H,O-Sget /N,-Sger: 1.05 1 [ esgc| 1
1 N T —T L T 1 0 . i 1 | 0 T 1
! 00 02 04 06 08 10 ! 2 4 6 ) ! 8 10 |
1 PeIPO [ z (kQ) 1 : 1
1 AIPO "1 AIPO ik L D b e e ity !
1 e 1 !
0.8 6
: Adsorption o : : ° ° :
1 ‘g 0.7 A Desorption @ : 1 . ° . :
| 206 1 061gg” oo ! : o :
:305 ] (atPe/P0=0.992.g° Va4 e, !
- bet o ° L g e, !
| 904 1 0o’ o oL s ° !
° 0eo® o 1 R o e ]
: 2 0.3 - /.... 0© °® ! : '\I‘ 2 z. o. !
1 € o I 1 1
1 302 4 40 o > !
:E 04 4 & Seer: 667 m2 g | | 3 i
: H,0-Sger /N,-Sger: 1.87 : : :
' 0'ooo 02 04 06 08 101 06 2 4 6 |
, X . . . . o1
I PP, L Z (kQ) !

Fig.2 Surface properties and proton conductivities of the mesoporous AOP and AIPO-type materials. (a) H,O adsorption—desorption isotherms
and (b and c) impedance spectra of disk-shaped pellets of AOP-Me, AOP-Et, AOP-Ph and AIPO under 95% RH at different temperatures and
around the temperature at which the change in proton conduction mechanism occurred. Flattened semicircles in the high-frequency region
contain two components, namely bulk and grain boundary resistance.*
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of 0.45 cm® g™ as the total pore volume) still arose from the
hydrophilicity inside the mesopores and was almost compa-
rable to that of AIPO (0.61 g g~ ', being more than the total pore
volume of 0.56 cm® g™ ). The adsorption behavior was changed
by increasing the hydrophobicity of the organic linker (e.g.,
AOP-Et and AOP-Ph). The H,0-Sggr values of AOP-Et and AOP-
Ph were respectively 437 m* ¢ ' and 329 m* g~ ', suggesting
a reduction in the average hydrophilicity due to the presence of
-C,H,- and many hydrophobic -Ph- groups throughout the
frameworks. Accordingly, we can conclude that the order of the
H,0-Sgpr/N,-Sger, AIPO (1.87) > AOP-Me (1.41) > AOP-Et (1.22) >
AOP-Ph (1.05), is related to the surface properties of the
frameworks.

The percentage of adsorbed H,O per total pore volume (0.76
cm® g~ ") decreased drastically to 53% (0.40 g g ) in the case of
AOP-Et. However, due to an irregular uptake of H,O in the
region higher than P/P, = 0.85, the value (0.54 g g~ * for AOP-Ph,
128% compared to the total pore volume of 0.42 cm® g~ ') was
probably overestimated. Considering the adsorbed amount at P/
P, = 0.86 before the capillary condensation of AOP-Ph, H,O
molecules would be mainly captured inside the mesopores of
AOP-type materials such as AOP-Me, AOP-Et and AOP-Ph,
including AIPO. From this viewpoint, the surface properties of
the AIPO-based frameworks can be successfully designed by
incorporating organic groups showing different hydropho-
bicity. Such AOP-type mesoporous materials are then good
candidates to evaluate proton conductivity derived from the
surface properties of the AIPO-based frameworks. The uptake of
H,0 can be changed sequentially according to the RH. After
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completing the desorption measurement (even at very low P/P, <
0.05), not all of the H,O molecules were eliminated on the
surfaces of all the mesoporous materials. This is due to the
strong interaction of H,O molecules with the AlO, units and/or
acidic P-OH groups of the AlIPO-based inorganic frame-
works.'>*%%° However, the residual H,O molecules were removed
and similar adsorption-desorption properties were recovered
by a pretreatment that involved heating at 80 °C for 3 h under
vacuum (see Fig. S4, as the 2nd cycle of H,O adsorption-
desorption measurement).

3.3 Proton conductivity of AOP-type mesoporous materials

The proton conductivity was initially measured for the series of
AOP-Me, AOP-Et and AOP-Ph-type mesoporous materials, as
well as the AIPO-type one, by using electrochemical impedance
spectroscopy (EIS) under high-humidity conditions (95% RH) in
the temperature range from 30 °C up to 90 °C. The resultant EIS
are shown in Fig. 2b and c; the proton conductivity for each
material is also listed in Table 1. The corresponding Arrhenius
plots are shown in Fig. 3a-c, being crucial for analyzing the
proton conductive mechanism by using the activation energy
(E,)- The E, value for AOP-Me was 4.4 eV below 32 °C (at 1000/T
K = 3.28), revealing that the proton conduction proceeded by
the Vehicle mechanism.”* The E, value at the hydrophilic
surfaces of the AIPO type frameworks was extremely low (0.38
eV), indicating that protons were transported by the Grotthuss
mechanism.” These results suggest that the proton conduction
mechanism at the surface of the AIPO-type frameworks is

Table 1 Proton conductivities of AOP and AIPO-type mesoporous materials under different humidity and temperature conditions

Conditions Proton conductivity (S cm ™)
Humidity Temperature AOP-Me AOP-Et AOP-Ph AIPO
50% RH 25 °C 1.62 x 10°° 2.65 x 108 1.77 x 10~ ® 1.42 x 10°°
60% RH 2.90 x 107° 6.42 x 1078 7.18 x 1078 1.59 x 107°
70% RH 4.67 x 10°° 1.92 x 10~/ 2.64 x 1077 2.27 x 10°°
80% RH 8.62 x 10°° 5.59 x 107~ 1.04 x 107° 5.59 x 107°
90% RH 1.72 x 10°° 1.26 x 10°° 4.51 x 10°° 4.87 x 107°
95% RH 25 °C 2.49 x 107° 2.06 x 107° 1.03 x 107° 1.40 x 107

30 °C 3.74 x 10°* 2.41 x 10°° 2.05 x 10°° 1.73 x 10°

32 °C 1.38 x 1072 4.58 x 10™° — —

34 °C 1.44 x 10° 1.05 x 10°* — —

36 °C 1.58 x 107 2.38 x 107* — —

38 °C 1.67 x 1073 6.41 x 10°* — —

40 °C 1.78 x 1072 1.12 x 1072 1.29 x 1074 3.15 x 107°

42 °C — — 1.68 x 10°* —

44 °C — — 2.15 x 107* —

46 °C — — 3.02 x 10°* —

48 °C — — 3.90 x 107 —

50 °C 2.32 x 103 1.67 x 1073 5.33 x 10 * 517 x 10

52 °C — — 7.16 x 10°* —

54 °C — — 8.12 x 10°* —

56 °C — — 8.69 x 10°* —

58 °C — — 9.58 x 10~* —

60 °C 3.05 x 107° 2.46 x 107° 1.04 x 1072 6.20 X 10

70 °C 3.55 x 10° 3.05 x 10 1.24 x 10 1.54 x 10°

80 °C 457 x 10° 432 x 1073 1.73 x 1073 —

90 °C 5.51 x 10 5.72 x 1073 2.30 x 10 —
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Fig. 3 Arrhenius plots of the proton conductivity for (a) AOP-Me, (b) AOP-Et, (c) AOP-Ph and (d) AIPO under 95% RH, the correlation between
(e) the temperature at which the change in the proton conduction mechanism occurred and (f) the activation energy for the Vehicle mechanism

and the length of the organic linkers, with (g) a schematic illustration of
frameworks.

changed into the Vehicle mechanism by integrating hydro-
phobic organic groups. Protons are provided from P-OH and
P=0 groups at the surfaces around uniform mesopores and
conducted with H,O molecules adsorbed on the hydrophilic
AlPO-type frameworks. In addition, due to the hydrated
(hydrophilic) AlO, units at the surfaces of the mesopores,** the
acidic coordinated H,O may contribute to the proton supply.
The length of the -CH,- linker (0.30 nm) is a little bit longer
than that of the hydrogen-bond between the H,O molecules
(about 0.28 nm). This structural feature is quite important for
avoiding the formation of a continuous network of hydrogen-
bonded H,0 molecules. The proton conduction is limited by

This journal is © The Royal Society of Chemistry 2025

proton conduction by H,O molecules at the surface of the AOP-type

the Vehicle mechanism at low temperature (e.g., 30 °C) and
changed into the Grotthuss mechanism with an increase in
temperature. Eventually, the proton conductivity of AOP-Me
reached up to 5.51 x 107 % S em™* at 90 °C.

The change in proton conduction mechanism was also
observed for AOP-Et and AOP-Ph with an increase in tempera-
ture (see Fig. 3b and c). The proton conduction at the surface of
AOP-Et below 40 °C (at 1000/T K = 3.19) occurred with the E,
value of 3.4 eV. The temperature at which the change in proton
conduction mechanism occurred became higher in the pres-
ence of the -C,H,- linker (0.44 nm), which was slightly longer
than the -CH,- one (0.30 nm). Eventually, the proton
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conductivity of AOP-Et was then 5.72 x 10 > S cm " at 90 °C,
being almost comparable to that observed for AOP-Me. The
transformation in the proton conductive mechanism was also
confirmed in the Arrhenius plot for AOP-Ph with a bulky organic
group (-CgH,—, 0.63 nm) at temperatures higher than those
observed for AOP-Me and AOP-Et. The E, values were evaluated
to be 1.3 eV and 0.28 eV below and above 52 °C (3.08 at 1000/T
K), respectively. A continuous network of hydrogen-bonded H,O
molecules is possibly restricted at the surfaces of the AOP-type
framework by the presence of a hydrophobic-Ph- linker. This
is the main reason why the resultant proton conductivity of
AOP-Ph, 2.30 x 107° S em ™' at 90 °C, was slightly lower than
those observed for AOP-Me and AOP-Et. As attached to Fig. 3e-g
as a brief summary to illustrate the proton conduction over the
AOP-type frameworks, the mean size of the organic linker is
positively proportional to the temperature at which the change
in proton conductive mechanism occurs and negatively
proportional to the E, value.

The E, value of proton conduction by the Vehicle mechanism
is related to the mobility of proton carriers (H,O molecules).** In
the AOP-type mesoporous materials, as the organic linker
becomes longer, the proportion of hydrophobic organic groups
on the pore surface increases. In contrast to the pure hydrophilic
AIPO surfaces, the hydrogen-bonding of the H,O molecules is
possibly restricted by the presence of hydrophobic organic
linkers to impede the transfer of H,O molecules, resulting in
a decrease of about 1 eV in E, for every 0.1 nm increase in the
length of the organic linker (see Fig. 3f). The FT-IR spectra of the
AOP-type mesoporous materials were measured before and after
standing at 30 °C and 95% RH for further understanding (see
Fig. S5). Clear differences have hardly been found in the bands
corresponding to O-H bonds in all the FT-IR spectra. Although
pores smaller than 1 nm are necessary for complete destruction
of the water structure, the surfaces of the AOP-type mesoporous
materials, especially those near hydrophobic organic groups,
strongly restrict the hydrogen-bonding of the H,O molecules.*
Accordingly, even in the case of AOP-type mesoporous materials,
it is rational to consider that hydrophobic organic groups influ-
ence the hydrogen-bonding between the H,O molecules near the
mesopore surfaces, which contributes to the proton transfer
from the proton donor group (-P-OH group) and the proton
conduction between H,O molecules. This knowledge demon-
strates the possibility to control the proton/H,O transfer rate and
mechanism inside the mesopores of AOP-type materials by
adjusting the organic linker.

The introduction of hydrophobic organic linkers (e.g., -Ph-)
was, however, useful for a drastic improvement in structural
stability under the high RH conditions even at higher temper-
atures. The proton conductivity of the AIPO-type mesoporous
material decreased from 6.20 x 10> at 60 °C down to 1.54 x
107° S em™ " at 70 °C. This is caused by the collapse (hydrolysis)
of the AIPO-type frameworks due to the presence of H,O
molecules at this level of humidity permeating and hydrolyzing
the Al-O-P bonds. Interestingly, in the cases of AOP-type
materials, especially AOP-Ph, the proton conductivity was
maintained even under 95% RH at temperatures higher than
70 °C by enhancing the structural stability of the AOP-type

J. Mater. Chem. A
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frameworks through the presence of hydrophobic organic
linkers that prevent H,O molecules from contacting the
surfaces of the AOP-type frameworks. The proton conductivities
of AOP-Me and AOP-Et were higher than 5.0 x 10> S cm " at
90 °C and comparable to that of the AIPO-type mesoporous
material before swelling by H,O, resulting in them working as
stable proton conductors for at least one week at 90 °C (see
Fig. S6). Considering the operating conditions of general-
purpose proton conductors at higher temperature to promote
catalytic reactions, robust AOP-type mesoporous materials have
the potential to overcome the lower stability of AIPO-based
frameworks under high RH conditions and may be applied in
practical uses as stable proton conductors.

The proton conductivity of each material was also measured
by EIS at 25 °C under different RHs ranging from 50% to 95%, as
shown in Fig. 4 and Table 1. The proton conductivity of AOP-Me,
AOP-Et and AOP-Ph increased exponentially with RH, showing
that the proton conduction proceeded by the Vehicle mechanism
to transport protons by the direct movement of H,O molecules.
Although the proton conductivity of AIPO was also correlated
exponentially under the conditions of 50-80% RH, as well as the
AOP-type ones, its deviation was observed under conditions above
90% RH according to the Grotthuss mechanism based on the
formation of the hydrogen-bonding of H,O molecules at high RH
(e.g:, 80-90%). To achieve higher proton conductivity under high
RH (e.g, 90%) even at low temperature (e.g:, 25 °C), an
enhancement of the surface hydrophilicity is helpful for con-
ducting protons effectively by the Grotthuss mechanism. Under
medium RH (e.g., 50-80%) at low temperature (e.g, 25 °C), all
proton conductions were however governed by the Vehicle
mechanism. From this viewpoint, weak interactions with the
surfaces of proton conductors lead to fast transportation of H,O
molecules inside the mesopores by the Vehicle mechanism. The
amount of H,O molecules inside the mesopores should be
controlled by the precise design of the surface properties between
hydrophilicity and hydrophobicity depending on the composition
of the frameworks under low RH to avoid continuous networking
of H,O molecules inside the mesopores. Actually, several initia-
tives have reported that materials with extremely hydrophobic
channels exhibited outstanding proton conductivity.***

Overall, proton conduction over AOP-type frameworks,
including the AIPO-type one, can be categorized by the condi-
tions with and without enough humidity. Under conditions
with high humidity (95% RH), hydrophilic AIPO surfaces are
advantageous for smooth proton conduction by the Grotthuss
mechanism through the networking of H,O molecules even at
temperatures below 60 °C. Such proton conduction is reduced
by the presence of hydrophobic organic linkers, but can be
maintained (>10 > S cm ') at temperatures above 70 °C by the
presence of many H,O molecules. However, the proton
conductivity should be improved in practical uses, like Nafion
showing a remarkable proton conductivity of 10 '-
1072 S cm™ '.* In this case, the attachment of hydrophilic acidic
groups (e.g., -SOzH) to hydrophobic organic linkers is prom-
ising for improving the mobility of protons at the surfaces of
AOP-type frameworks, as well as the proton conductivity.”® The
use of organic linkers having heteroatoms such as amino

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Impedance spectra of the disk-shaped pellets of (a) AOP-Me, (b) AOP-Et, (c) AOP-Ph and (d) AIPO under different RH at 25 °C, with (e) the

correlation between RH and proton conductivity of AOP and AIPO-type

groups (-NH,) and heterocyclic rings is also useful for
promoting the complete networking of H,O molecules.*”*
Under conditions with medium RH (e.g., 50-80%), the amount
of H,O molecules inside the hydrophobic mesopores of AOP-
type mesoporous materials is not enough for networking H,O
molecules, thereby leading to the change of the proton
conduction mechanism into the Vehicle one considering the
fact that a significant decrease in proton conductivity is
confirmed even by using Nafion at low RH,* further design
would be expected for improving the transport efficiency of
H;0" equivalent to the reduction of the conductive distance
between H,O molecules. For this purpose, the increase in
hydrophobicity of the mesopore surface is only desirable
without a decrease in the proton sources (e.g., free phosphoric
groups and hydrated (hydrophilic) AlO, units) inside the
mesopores by such excessive enlargement of the organic
linkers. The design of the molecular structure, e.g., the addition
of hydrophobic functional groups such as fluorine, is one of the
possibilities for solving this problem (see Fig. S7).**

4. Conclusions

A series of AOP-type mesoporous materials showing surface
properties between hydrophilicity and hydrophobicity due to the
presence of organic linkers (e.g., -CH,-, -C,H,— and -C¢H,-) at

This journal is © The Royal Society of Chemistry 2025

mesoporous materials.

the molecular scale between the AIPO-like units was prepared for
investigating proton conductivity at the hydrophilic AIPO
surfaces. Under conditions with high humidity (e.g., 95% RH) at
low temperature (e.g., 30 °C), hydrophilic AIPO surfaces without
any organic linkers were advantageous for obtaining better
proton conduction (1.73 x 10™* S em™') and AOP-type frame-
works were not helpful for conducting enough protons. However,
the proton conductivity at the AOP surfaces was comparable to
that observed for the AIPO-type frameworks with an increase in
temperature (e.g., above 32 °C and 40 °C for small -CH,- and -
C,H,- and above 52 °C for bulky -C¢H,-). This is because the
formation of a continuous network of hydrogen-bonded H,O
molecules is disturbed by the presence of hydrophobic organic
linkers at low temperatures and improved by increasing the
temperature. Interestingly, proton conduction by the Vehicle
mechanism was promoted very well at the strongly hydrophobic
surfaces (e.g., -CcH,—) showing a weak interaction with H,O
molecules. Although the proton conductivity of AOP-type meso-
porous materials has not yet reached that of top-notch proton-
conducting materials such as Nafion, their potential is compa-
rable and/or superior to almost all inorganic and inorganic/
organic hybrid materials (see Table S2). Although the develop-
ment of AOP-type mesoporous materials as proton conductors is
still in its infancy, our knowledge is important as a rational guide
for designing AOP-based proton-conducting materials.
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