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Stimuli-responsive ion conductor materials are highly sought after in the fields of biological systems, clean
energy, and smart devices. However, it remains a huge challenge to achieve acid/base switchable ion
conductors owing to their stringent requirements of structural responsive behaviors, high stability and
porosity. In this study, porous aromatic frameworks (PAFs) are utilized as a favorable platform to
successfully design and prepare ion conductive powders and its continuous membranes based on
a commercially available pH indicator. Interestingly, these PAFs possessed structural reversibility in
response to acidic and alkaline environments, followed by an apparent ion-conducting switch of about 4
orders of magnitude (from 3.36 x 1077 S cm™* to 4.59 x 10~° S cm™Y) under the conditions of 25 °C and
98% RH. Moreover, the continuous PAF membrane exhibited an ultrahigh ion conductivity of 7.29 x

1071 S cm™! after 1 mol per L NaOH treatment and good acid/base switchable cycle stability. To our
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membranes that dynamically respond to acid/base chemical stimuli. This work provides a new research
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Introduction

Biological systems display many responsive behaviors to
external stimuli while exhibiting excellent environmental
adaptability."* Stimuli-responsive materials inspired from these
natural systems have continuously aroused widespread interest
in numerous interdisciplinary fields during the past decades.’*®
These “smart materials” can respond to various stimuli,
including light, heat, sound waves, electric field, solvent, pH,
and stress, expanding their applications to energy storage and
conversion, biomedicine, sensing, imaging, and coatings.®** In
this context, stimuli-induced ion transport materials have
attracted great attention owing to their broad application
prospects in biological systems, clean energy, and smart
devices.">* Stimuli-responsive ion conductors can achieve the
transmission and processing of electrical signals via ionic
currents. Together with stimuli-responsiveness, open frame-
works of host materials, such as MOFs and COFs, can also
provide multiple functions for drug delivery, sensors,
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memristors, and display devices based on the stimuli, such as
guest molecules, light, voltage, and electric field transistors.>**’
Currently, many application scenarios need timely monitoring
of the acidic and alkaline environments, such as the detection
of acidic and alkaline tail gas emissions. In this case, the real-
ization of ion conductor detection devices that respond to acidic
and alkaline stimuli by communicating and processing elec-
trical signals via ionic currents will greatly expand the applica-
tion potential of ion conductors and thereby promote the
further development of materials science and chemistry.
Nevertheless, it undoubtedly puts forward highly stringent
requirements for a dynamic structural design as well as high
stability and porosity, which remain huge challenges.

Porous aromatic frameworks (PAFs) are representative
porous materials with high surface area and high stability and
can withstand harsh environments, such as strong acids, strong
bases, high heat, and high humidity.”*?° The structures and
pore properties of PAFs can be regulated by designing their
building units and modifying the frameworks, which demon-
strate different performances and applications in the fields of
adsorption, separation, catalysis, sensing and energy.*** It is
well-known that porous materials, including metal-organic
frameworks (MOFs) and covalent organic frameworks (COFs),
exhibit great potential in energy storage.*** The open channels
with good tunability ensure that they serve as an ideal platform
to investigate ion-transport behaviors inside atomically precise
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skeletons, which is of fundamental importance for achieving
solid electrolytes with high ion conduction ability. Moreover,
the high surface areas, rich structural tunability, and functional
pore surface of porous materials provide great opportunities to
load a variety of guest molecules as ion carriers and to
systemically modify the ion concentration and mobility within
the available spaces. Thus, the structural designability and high
stability of PAFs offer new opportunities for the development of
acid/base stimuli-responsive ion conductors.

Current researches on the ion conductivity of porous mate-
rials are mostly carried out using their powder form, which is
difficult to be used as membranes for further application owing
to their insolubility. The stacking voids of powders reduce the
ion transport efficiency to some extent. Meanwhile, composite
membranes based on powders and polymers also hinder the
transfer of ions and are not conducive to the analysis of ion
transport mechanisms due to the non-functional polymer
components. Hence, there is intense demand for the design and
preparation of cutting-edge continuous ion conductive
membranes to extend their application in actual acid-base
response monitoring devices. However, the polymerization
process of most PAF materials generally requires a catalyst and
an inert atmosphere, making it difficult to prepare membranes
like COFs or MOFs using fabrication strategies like interfacial
polymerization, solvothermal synthesis, etc.>*** Consequently,
constructing continuous PAF ion conductive membranes is
another important challenge in current research.

Herein, two porous aromatic frameworks (named PAF-125
and PAF-126) have been designed and synthesized by employ-
ing a commerecially available acid/base indicator (bromophenol
blue, BPB) as the responsive building unit (Fig. 1). As expected,
these PAF materials exhibit high porosity and structural
responsive behaviors to acidic and alkaline environments. At
25 °C and 98% RH, the PAF powder exhibited an interesting
switch in ion conductivity from 3.36 x 1077 S cm™ " after 1 mol
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Fig. 1 Schematic of the synthesis of PAFs using bromophenol blue
(BPB) (i) and (ii): Pd(PPhs)4/Cul and DMF/EtzN, respectively, at 100 °C.
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per L HCI treatment to 4.59 x 10> S cm ™" after 1 mol per L
NaOH treatment, achieving a change in value of 4 orders of
magnitude for the acid/base switch. Subsequently, a continuous
PAF membrane was prepared by the strategy of surface-initiated
polymerization (SIP). We unexpectedly found that the contin-
uous PAF membrane exhibited ultrahigh ion conductivity after
1 mol per L NaOH treatment, reaching up to 7.29 x 10" *Scm™*
(85 °C, 98% RH), as well as good cycle stability of the acid/base
switchable ion conductivity. To our knowledge, this is the first
report of an ion conductive membrane that responds dynami-
cally to chemical acid/base stimulus. This study provides a new
research strategy for the exploration of intelligent ion conduc-
tive membranes in the future.

Results and discussion
Material synthesis and characterization

The successful synthesis and structural characterization of PAF
materials was carried out using a series of spectroscopic
methods and elemental analysis techniques. The Fourier-
transform infrared (FTIR) spectra of PAFs are shown in
Fig. 2a. The characteristic peaks found at 535 cm ™" in the BPB
spectrum disappeared in the PAFs spectra, indicating that the
phenyl-Br groups of the monomer BPB had almost completely
coupled with the alkyne group. Furthermore, a new vibration
peak appeared at 2200 cm™ ' in the spectrum of PAFs, which
could be attributed to the C=C stretching vibration of the
RC=CR group, indicating the occurrence of polymerization.
For PAF-125, an additional C=C stretching vibration at
2100 cm™' and unsaturated =CH bending vibration at
3280 cm™ ' originating from the unreacted alkynyl groups
(RC=CH) were observed. This may be because steric hindrance
prevents complete polymerization owing to the closely located
alkyne active sites of the TEB monomers. In addition, a typical
S=O stretching vibration was observed at 1190 cm™ ' and
1230 cm ', indicating the presence of sultone groups in
PAFs.”>*¢ More detailed IR spectra of PAFs, BPB, and aromatic
acetylene monomers are provided in Fig. S1 and S2.}

To study the porosities of the PAF materials, the N,
adsorption isotherms of activated samples were measured at 77
K. As shown in Fig. 2b, PAF-125 exhibited characteristics of
microporous adsorption at low relative pressure, while an
obvious hysteresis loop was observed at medium relative pres-
sure from 0.4 to 0.6 p/p,, indicating the presence of additional
mesoporous structure. The observed Brunauer-Emmett-Teller
(BET) surface area and pore volume were 87.9 m> g~ " and 0.075
em® g™, respectively. According to nonlocal density functional
theory (NLDFT) calculations, PAF-125 has four kinds of pore
sizes with diameters of 0.54 nm, 1.01 nm, 1.39 nm and 3.95 nm,
respectively (Fig. S31). The N, adsorption isotherm of PAF-126
material was a typical type I adsorption curve, indicating that
the material has a microporous network structure. The BET
surface area was 597.9 m> g~ ' with a pore volume of 0.311 cm®
g ', The pore size distribution of PAF-126 was mainly concen-
trated in the micropore range of less than 2 nm, presenting two
kinds of pore sizes (0.54 nm and 1.06 nm, respectively)
(Fig. S4t). Moreover, the water affinity of the pore structure is

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(a) FTIR spectra of PAFs. (b) N, adsorption—desorption isotherms of PAFs measured at 77 K (adsorption branch is labeled with filled

at 298 K (adsorption branch is labeled with filled symbols). (d) EDS

elemental mapping images of PAF-126. (e) UV-vis spectra and color contrast images of bromophenol blue in 1 mol per L HCl and 1 mol per L
NaOH solutions. (f) UV-vis spectra and color contrast images of PAF-126 after treatment with 1 mol per L HCl and 1 mol per L NaOH. (g) **C solid-

state NMR spectra of PAF-126-H and PAF-126-OH.

also important to the ion conductivity performance of porous
materials.

Therefore, the water vapor adsorption isotherms of PAF
materials were obtained at 298 K. Both PAF-125 and PAF-126
exhibited good water vapor adsorption capacity at low relative
pressures, and it gradually increased, reaching 138 cm® g~ and
284 cm® g~ ' at 0.96 p/p,, respectively, as shown in Fig. 2c. The
results show that the pores of the two materials have good
affinity for water, which is conducive to the adsorption and
transfer of water molecules inside the framework and will
further promote the ion conductive efficiency. Moreover, the X-
ray diffraction patterns (Fig. S5 and S671) indicated that the PAFs
were amorphous in nature, which is beneficial to isotropic ion
transport.*> The scanning electron microscopy (SEM) images
showed that the PAFs had a uniform spherical particle
morphology (Fig. S71). Energy-dispersive spectrometry (EDS)
elemental mapping clearly evidenced that the C, O and S
elements were evenly distributed (Fig. 2d). The actual elemental
contents of these samples are listed in Table S1.f The ther-
mogravimetric analysis (TGA) of PAFs under the air showed that
they have good thermal stability (Fig. S8 and S97).

Bromophenol blue belongs to a class of dye molecules,
which are often used as pH indicators due to their switchable

© 2025 The Author(s). Published by the Royal Society of Chemistry

optical absorptivity. The BPB molecules in aqueous solution
show different oxidation states under different pH conditions,
and the sultone group undergoes reversible “open-loop” and
“closed-loop” responses. If PAF materials based on bromophe-
nol blue can retain the reversible structural response as the BPB
molecules, after alkali treatment, the material will generate
abundant free sulfonic acidic groups that can greatly promote
the ion conductive efficiency. Therefore, the synthesized PAF
samples were soaked and stirred with 1 mol per L HCI (pH = 0)
and 1 mol per L NaOH (pH = 14) solution, respectively, which
are denoted as PAF-H (after hydrochloric acidic treatment) and
PAF-OH (after sodium hydroxide treatment). The structural
changes of the PAF-H and PAF-OH materials were further
characterized by UV-vis spectroscopy. In the UV-vis spectrum of
the bromophenol blue solution, different pH conditions led to
different absorptions and colors. As shown in Fig. 2e, bromo-
phenol blue was orange at pH = 0 with the main absorption
peak at 436 nm. At pH = 14, the color of BPB was blue-purple,
and the main absorption peak changed to 590 nm. The exper-
imental results are consistent with those reported in the liter-
ature.>”*® The solid UV-vis spectra of PAFs treated with 1 mol
per L HCI and NaOH solutions were also tested, respectively. It
was found that both PAF-125-OH and PAF-126-OH exhibited
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new absorption peaks or a significant enhancement in the peak
at 590 nm (Fig. 2f and S107). The color of the PAF solid powders
also changed significantly, indicating that the PAF materials
indeed undergo structural changes after 1 mol per L HCI and
1 mol per L NaOH treatment. Furthermore, to elucidate bond
formation and transformations within the structure, we con-
ducted C solid-state nuclear magnetic resonance (NMR)
measurements utilizing the cross-polarization magic-angle
spinning (CP/MAS) technique, as illustrated in Fig. 2g. The
observed chemical shifts in the range of 105-102 ppm are
indicative of sp® hybridized carbons originating from BPB and
unsaturated carbons from the RC=CR groups, thereby
providing additional evidence for the successful coupling of the
monomeric units. It was also observed that the major peaks and
chemical shifts of PAF-H and PAF-OH showed no obvious
changes, indicating good stability of the material frameworks.
The emergence of a new and significant carbon chemical shift
near 166 ppm might originate from the C=0O of benzoqui-
none,* which is caused by the “open-loop” state of the sultone
group after 1 mol per L NaOH treatment. According to the above
discussion, the PAF materials constructed from bromophenol
blue indicator exhibit reversible structural “open-loop” and
“closed-loop” responses because of their sultone group under
acidic and alkaline environments, as predicted.

Ion conduction properties

From the structural characterization and adsorption results of
PAFs, it can be predicted that a large number of free sulfonic
acidic groups are generated by the structural “open-loop”
response of the sultone group under alkali conditions, and their
good affinity for water molecules may promote the PAFs to
exhibit superior ion conductivity. Hence, the ion conductivity

(a) 250
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performances of PAF-H and PAF-OH were investigated. The
impedance Nyquist plots of PAF-126-OH at 25 °C and different
humidity conditions were obtained. As shown in Fig. S11, the
resistance value of the PAF-126-OH material decreased with an
increase in relative humidity (RH), and ion conductivity at 95%
RH reached 1.71 x 10~* S em™?, indicating that high relative
humidity is conducive to the conduction of ions, which is in
agreement with the water vapor adsorption test result. The
impedance Nyquist plots of PAF-H and PAF-OH materials at
different temperatures and 98% relative humidity were further
measured. The results showed that the ion conductivity of PAF-
125-OH increased with the increase in temperature, and the ion
conductivity at 85 °C and 98% RH was as high as 1.38 x
107" Sem ™ (Fig. S127). Similarly, PAF-126-OH showed the same
change rule, and the ion conductivity reached 1.4 x 10 *Scm ™"
(95 °C, 98% RH) (Fig. 3a). On the contrary, the ion conductivi-
ties of PAF-H materials after 1 mol per L HCI treatment showed
significant differences, as follows: 3.4 x 107> S em™" (85 °C,
98% RH) for PAF-125-H and 8.89 x 107> Scem ™" (95 °C, 98% RH)
for PAF-126-H (Fig. 3b and S137). At 25 °C, the ion conductivities
(107°-107> S em™") of the PAF-OH materials were higher by 4
orders of magnitude than those (10°7-10"° S em™*) of the PAF-
H materials. The detailed results of ion conductivity are listed in
Table S2.1 These changes are mainly attributed to the large
number of free sulfonic acidic groups generated by the struc-
tural “open-loop” behavior of the sultone group in the PAF-OH
material, which greatly promotes the transfer of ions in the
channels. To the best of our knowledge, such porous materials
with high ion conductivity triggered by acid/base switching have
not been reported yet.

To further study the ion conduction mechanism of PAFs, the
activation energy (E,) values were calculated by using the
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(a) Nyquist plots of PAF-126-OH at different temperatures under 98% RH. (b) Temperature-dependent ion conductivities of PAF-126-H

PAF-126-OH under 98% RH. Illustrations of the possible ion transport

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Arrhenius equation based on the temperature-dependent
conductivity profiles. Fig. 3c and S14% display that the activa-
tion energies of PAF-125-OH and PAF-126-OH materials were
0.25 eV and 0.38 eV respectively, which can be classified as the
conventional Grotthuss mechanism (0.1-0.4 eV, also known as
the hopping mechanism).**** In contrast, both PAF-125-H and
PAF-126-H materials exhibited much higher activation energies
of 0.86 eV and 1.31 eV, respectively. Such high activation ener-
gies are more consistent with the vehicle mechanism (>0.5 eV).
Hence, the possible ion pathways and transfer mechanisms in
PAFs can be further understood by combining with the results
of structure analysis, water-vapor adsorption and activation
energy calculations. In PAF-OH materials treated with NaOH
solution, the large number of free -SO;™ groups formed easily
cooperate with the adsorbed water molecules to build a contin-
uous hydrogen bond network, which serves as the Na'/H"
transfer pathway in the channels, as shown in Fig. 3d. More-
over, the residual OH™ anions in the pores after 1 mol per L
NaOH treatment can also offer a continuous conduction
pathway through Na' cations that act as hopping sites. Thus,
the cooperative transport of multiple ions in the PAF channels
achieves ultrahigh ionic conductivity. However, for PAF-H
materials, the sultone configurations formed by the “closed-
loop” behavior hinder the formation of a continuous hydrogen
bond network and result in high activation energy. Therefore,
H" can only be transported in the channels through the self-
diffusion of water molecules, which serve as carriers (Fig. 3e),
conforming to the vehicle mechanism. Considering the high
stability of PAFs, the cyclic stability of ion conductivity during
acid/base switch response was investigated. Activated PAF
materials were selected and treated with 1 mol per L HCI and
NaOH solutions 10 times. The ion conductivity of the samples
after each treatment was tested at 25 °C under 98% RH. As
shown in Fig. S15 and S16,} the obtained results demonstrate
that PAFs have excellent and stable ion conductivity with acid/
base switchable response.

To demonstrate the practical value of these PAFs, continuous
PAF-126 membranes (denoted as PAF-126M) were prepared
using the surface-initiated polymerization strategy,’®**»**%* as
shown in Fig. 4a. Its optical image in Fig. 4b shows that the
continuous PAF membrane could be easily detached from the
silicon wafer surface and transferred to any other substrate. The
size (1 cm x 1 cm) and shape of the continuous membrane
depend largely on the original silica substrate. The character-
istic vibrations in the IR spectra (Fig. S171) of the continuous
membrane were consistent with the powder material, proving
the successful preparation of the material. XPS also proved the
existence of the S element (167 eV for S,;), as shown in Fig. $18.+
Atomic Force Microscopy (AFM) was further used to measure
membrane thickness at several points around its edge, which
was 50 nm on average (Fig. 4c). Such nanoscale thickness is
highly desirable for ion conductive membranes as it enhances
the efficiency of ion transport. Moreover, the SEM and EDS
images indicate that the obtained PAF-126M was continuous
(Fig. S19 and S20t). The PXRD patterns show that the PAF
continuous membrane was amorphous (Fig. S211). The water
contact angle of the PAF continuous membrane was further

© 2025 The Author(s). Published by the Royal Society of Chemistry
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tested. The result demonstrates that the PAF-126M exhibited
excellent hydrophilicity (Fig. S22at) as the membrane was thin
and contained readily exposed hydrophilic groups within the
pores. In contrast, the surface of the PAF-126 powder also
exhibited certain hydrophobicity (Fig. S22bt). This is consistent
with the water adsorption curve, which shows minimal water
adsorption in the low-pressure region, indicating the hydro-
phobic nature of the PAF particle surface. However, when the
pressure reaches a certain threshold, water molecules enter the
pores, leading to a pronounced hydrophilic behavior.

The membrane was then transferred to an inter-digitated
gold electrode and the impedance was measured at different
temperature and humidity conditions after soaking in 1 mol
per L HCl and 1 mol per L NaOH solutions. The Nyquist plots of
PAF-126M-OH (after soaking in 1 mol L™" NaOH solution) and
PAF-126M-H (after soaking in 1 mol per L HCI solution) are
shown in Fig. 4d and e, respectively. Surprisingly, the ion
conductivity of the PAF-126M-OH membrane reached up to 7.29
x 107" S em™" (85 °C, 98% RH), while it remained at 1.5 x
107" S em " at 30 °C and 98% RH. On the contrary, the ion
conductivity of PAF-126M-H was only 3.8 x 10" %S cm ™" (30 °C,
98% RH) (Fig. 4f). The detailed results of ion conductivity are
listed in Table S3.F

The activation energies (E,) (Fig. 4g) of the PAF-126M-OH
and PAF-126M-H membranes were calculated to be 0.27 eV
and 0.29 eV, respectively, which are all lower than those of the
PAF-126-OH (0.38 eV) and PAF-126-H powders (1.31 eV),
respectively. It can be understood that in powder samples, the
ion transfer process not only requires continuous functional
sites within the channels but also needs to overcome the
influence of particle stacking voids. In a continuous membrane
with nanoscale thickness and structural continuity, particle
stacking voids do not influence the ion transfer process, thus
requiring smaller activation energy. Furthermore, the ion
transfer processes in the PAF-126M-OH and PAF-126M-H
membranes conform to the Grotthuss mechanism. For PAF-
126M-H, it may be because of the thin and continuous
membrane with good uniformity, and ions can also hop via the
hydrogen bonds between sultone and water molecules, but the
transfer efficiency is far lower than that offered by free sulfonic
acidic groups. Thus, there is a significant difference in ion
conductivity between the membrane materials treated with
1 mol per L HCI and 1 mol per L NaOH solutions. Furthermore,
a series of ion conductivity tests were performed on the PAF
membrane materials across a range of pH conditions. The
results reveal the pronounced sensitivity of PAF-126M to both
alkaline and acidic environments. Specifically, PAF-126M
exhibited a relatively high ionic conductivity of 107" S em ™" in
the pH range of 8 to 12 at 30 °C, while a significantly lower ionic
conductivity of 10 S ecm ™' was observed in the pH range of 2 to
5 (Fig. S23t). The stability and cyclic responsiveness of the
membrane were also measured. The membrane could maintain
high ion conductivity after continuous operation for 30 hours at
85 °C and 98% RH (Fig. 4h), while also exhibiting good acid/
base switchable cyclic performance (Fig. 4i). In addition,
emerging porous materials with high ion conductivity reported
in recent years are summarized in Table S41 and compared with

Chem. Sci., 2025, 16, 6231-6239 | 6235
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Fig. 4 (a) Preparation of a continuous PAF membrane using the strategy of surface-initiated polymerization. (b) Optical photograph of

a continuous PAF-126 membrane detached from a silicon wafer surface. (c) AFM scan and the corresponding section view of the PAF-126
membrane grafted on a silicon substrate. (d) Nyquist plots of PAF-126M-OH at different temperatures under 98% RH. (e) Nyquist plots of PAF-
126M-H at different temperatures under 98% RH. (f) Temperature-dependent ion conductivities of PAF-126M-OH and PAF-126M-H under 98%
RH. (g) Arrhenius plots of PAF-126M-OH and PAF-126M-H under 98% RH. (h) Time-dependent ion conductivities of PAF-126M-OH performed at
85 °C and 98% RH. (i) Reversible ion conductivity of the continuous PAF-126 membrane after soaking in 1 mol per L NaOH and 1 mol per L HCL

solutions at 30 °C and 98% RH.

the PAF continuous membrane synthesized in this work. The
ion conductivity of the PAF membrane have exceeded those
reported for most of the porous materials. With such high ion
conductivity and the ability to be triggered by external acid/base
chemical stimuli, the continuous PAF membrane shows great
potential to be used as an ion conductor in advanced devices in
the future.

Conclusions

In summary, acid/base responsive PAF powders and continuous
membranes have been successfully constructed in this work by
using a commercially available pH indicator as the functional
building unit. The PAFs exhibit the same characteristics of

6236 | Chem. Sci., 2025, 16, 6231-6239

reversible structural responses as the bromophenol blue indi-
cator molecules in acidic and alkali environments. At 25 °C and
98% RH, the ion conductivities of PAF powder reveal an inter-
esting switch of up to 4 orders of magnitude from 3.36 x
1077 S ecm ! after 1 mol per L HCI treatment to 4.59 x
10> S cem ™! after 1 mol per L NaOH treatment. The main reason
for this behavior is that the free sulfonic acidic groups form
a continuous hydrogen bonding network with water molecules
after treatment with 1 mol per L NaOH, greatly promoting ion
hopping transport. At 85 °C and 98% RH, the continuous PAF
membrane exhibits ultrahigh ion conductivity of 7.29 X
107" S cm™'. Meanwhile, benefiting from the ultrastability of
PAFs, the continuous membrane also shows good ion conduc-
tion stability and acid/base switchable cyclic performance. This

© 2025 The Author(s). Published by the Royal Society of Chemistry
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novel report on ion-conducting membranes with dynamic
response to chemical acid/base stimuli may further open up
opportunities for the development of innovative ion-conducting
materials for application in smart devices and alkaline fuel
cells.
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