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Abstract
Covalent organic framework (COF) membranes with pH-gated ion transport hold promise
for  smart  nanofluidic  devices,  yet  the  regulatory  mechanisms  of  different  oxygen-
containing  functional  groups  remain  poorly  understood.  Herein,  we  systematically
investigate the pH-dependent ionic conductance of TpPa-R COF membranes (R = -SO3H, -

COOH, -OH) across pH 3 to 11.5 using unmodified TpPa as a reference. All  membranes
exhibit nanofluidic transport with a U-shaped conductance profile as a function of pH. The
neutral-pH conductance is  governed by  the  effective  surface charge density  that  drives
counterion  enrichment.  Among  the  three  modifications,  the  TpPa-SO3H  membrane

displays the broadest pH response and the highest conductance at both acidic and alkaline
extremes. Notably, the TpPa-COOH membrane shows unexpectedly lower conductance
than  TpPa-OH  at  pH  ≥  5,  which  we  attribute  to  hydration  screening  that  reduces  the
effective charge of the carboxylate groups, whereas deprotonation of the phenol groups in
TpPa-OH  enhances  effective  surface  charge  density  and  conductance  at  high  pH.  All
membranes  demonstrate  reversible  pH-switching  over  the  tested  range.  This  work
provides  a  molecular-level  design  rationale  for  tailoring  pH-gating  performance  in  COF
membranes and a foundation for developing tunable ion-transport devices with predictable
pH responsiveness.
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INTRODUCTION
Biological ion channels achieve precise ion transport through specialized structural motifs. Their dynamic

adaptation through conformational changes and structural plasticity supports physiological functions

ranging from neuronal signaling to cellular homeostasis
[1-3]

. Among these regulatory mechanisms, pH-

responsive  ion  transport  is  especial ly  prevalent .  I t  exploits  the  chemical  s implici ty  of

protonation/deprotonation to mediate processes such as synaptic transmission and sensory transduction
[4,5]

.

This protonation/deprotonation provides a clean, reversible, and byproduct-free chemical switch, which has

inspired extensive efforts to replicate pH-gated functions in synthetic nanofluidic systems
[6-8]

. In artificial

nanofluidic systems, pH-gated ion transport is typically achieved by introducing ionizable functional groups

onto channel walls, where nanoconfinement allows the surface charge density to govern the electrostatic

interactions
[9,10]

. This design principle has been explored across various material platforms for biosensing and

biomimetic iontronic applications that require switchable ion gating
[11-13]

. Among these ionizable groups,

oxygen-containing functionalities are common and synthetically accessible, yet their differential roles in pH-

gated ion transport under nanoconfinement have not been systematically compared within a common

framework.

A systematic comparison of oxygen-containing functional groups requires a platform in which they can be

varied within an identical framework. Covalent organic frameworks (COFs) meet this requirement. Their

reticular chemistry enables diverse functional groups to be incorporated into a common framework, and

their ordered nanochannels with pore sizes of sub-2 nm to 4 nm provide a well-defined environment for

investigating nanoconfined ion transport
[14,15]

. At these length scales, the pore dimensions are comparable to

the Debye length, so that surface charge and channel size jointly govern ion transport rather than bulk

diffusion alone
[16,17]

. Pore-wall chemistry in COFs has been shown to effectively modulate ion transport
[18,19]

,

and the pH responsiveness of COF membranes generally arises from pH-responsive functionalities within

the pores.

Several strategies have been developed to engineer pH-responsive COF membranes. Direct chemical

functionalization is exemplified by COF-DT membranes, in which imine linkages and phenolic hydroxyl

groups enable pH-gated ion transport with an ON/OFF ratio of ~ 100
[13]

, and by carboxyl-functionalized

TpPa-COOH membranes that exhibit pH-dependent Na
+
/K

+
 selectivity switching

[20]
. Channel geometry

engineering instead introduces pH-responsive molecules that modulate the effective dimensions of the

nanochannels. Hourglass-shaped COF-CDN membranes with amino-cyclodextrin at the channel mouths

endow the hetero-nanochannels with pH-responsive ability, allowing dynamic regulation of pore size and

surface charge
[21]

. In dopamine-mediated channel engineering, pH-sensitive dopamine acts as a molecular

spacer that modulates the effective pore size, enabling pH-switchable K
+
/Li

+
 selectivity up to 18.7

[22]
.

Biomimetic approaches draw inspiration from biological ion channels that regulate ion selectivity and

conductance through protonation/deprotonation of specific residues. Cysteine-functionalized COF-Cys

membranes, for example, achieve pH-stimulated switching between K
+
- and Na

+
-selective states and

reversible membrane potential polarity
[23]

. These studies demonstrate the versatility of COFs for pH-

responsive gating and highlight the growing interest in smart responsive functions such as switchable

membrane potential.

The reported COF membranes involve different frameworks, pore architectures, and measurement

conditions, which complicates the isolation of the functional group’s role. The TpPa platform offers a robust

β-ketoenamine-linked framework with high chemical stability and functionalization sites on the diamine

linker, allowing different oxygen-containing groups to be introduced without altering the framework

topology. Within the TpPa family, TpPa-SO
3
H has been studied for proton conduction

[24,25]
, molecular

sieving
[26]

, and monovalent cation separation
[27]

, while TpPa-COOH has been investigated for pH-dependent

                                                                                                 



Li et al. Iontronics 2026, 2, 35 Page 3 of 14

ion selectivity in capacitive deionization
[20]

. However, a systematic comparison of different oxygen-

containing groups within the same TpPa framework under identical conditions has not been conducted. The

fundamental parameter beyond pKa that governs ion transport in nanoconfined COF channels remains to be

elucidated.

Herein, we investigate pH-gated ion transport through TpPa-R COF membranes (R = -OH, -COOH, or -

SO
3
H groups, Figure 1A) constructed from 1,3,5-triformylphloroglucinol (Tp) and 1,4-phenylenediamine

(Pa) derivatives (Pa-R). Unmodified TpPa serves as a reference to isolate the role of pore-wall functional

groups. All membranes exhibit surface-charge-governed transport at low ionic strength, with a U-shaped

pH-dependent conductance governed by the effective surface charge density rather than acid strength alone.

TpPa-SO
3
H displays the broadest pH response and the higher conductance at both acidic and alkaline

extremes, consistent with its fully dissociated sulfonate groups. In contrast, TpPa-COOH shows

unexpectedly lower conductance than TpPa-OH at pH ≥ 5, attributed to hydration screening of the

carboxylate groups that reduces the effective charge density. All four membranes exhibit reversible pH

switching over pH 3-11.5, with TpPa-COOH reaching ON/OFF ratios of 113 and 114 for acidic-neutral and

alkaline-neutral switching, respectively. Under asymmetric pH conditions, the membranes also show

reversible membrane potential polarity switching, enabling dynamic control over ion selectivity. These

findings provide molecular-level design rules for functional-group engineering of pH-gating COF

membranes and suggest their potential for biomimetic iontronic applications.

EXPERIMENTAL
Preparation of TpPa-R COF membranes

TpPa and TpPa-R COF membranes were synthesized at room temperature by electric-field-assisted

interfacial polymerization on an NL-66 substrate, adapted from a previously reported procedure
[28]

. The

reaction used 1,3,5-triformylphloroglucinol (Tp) and either 1,4-phenylenediamine (Pa) or oxygen-

containing Pa-R derivatives (R = -OH, -COOH, or -SO
3
H, specifically, 2,5-diaminobenzene-1,4-diol

dihydrochloride, 2,5-diaminobenzoic acid, and 2,5-diaminobenzenesulfonic acid, respectively; Figure 1A).

Tp, Pa, methanol, and n-octanoic acid were obtained from InnoChem (Beijing). 2,5-diaminobenzene-1,4-

diol dihydrochloride [Pa-(OH)
2
], 2,5-diaminobenzoic acid (Pa-COOH), and 2,5-diaminobenzenesulfonic

acid (Pa-SO
3
H) were purchased from Shanghai Macklin Biochemical Co., Ltd. In a typical procedure, Tp (0.1

mmol) was dissolved in methanol (45 mL) to form the aldehyde monomer solution. The amine solution was

prepared by dissolving Pa or Pa-R (0.15 mmol) in methanol (45 mL) with 1 mL of n-octanoic acid under

ultrasonication for 5 min. As shown in Figure 1B, an H-shaped electrochemical cell with a channel diameter

of 1.5 cm was assembled with an NL-66 substrate (diameter 2.5 cm, 0.22 μm pore size, supplied by Haining

Delv New Material Technology Co., Ltd) clamped between its two compartments; the aldehyde and amine

solutions (45 mL each) were slowly added into the two compartments, respectively. Two Pt foil electrodes (1

cm × 2 cm) were placed in parallel, one in each compartment, with the anode in the amine solution and the

cathode in the aldehyde solution. A direct current (DC) voltage of 3 V was applied between the electrodes to

induce the synthesis. Under the applied electric field, charged amine monomers migrated across the NL-66

substrate from the anodic compartment (amine side) toward the cathodic compartment (aldehyde side),

initiating the interfacial polycondensation with Tp monomers via Schiff-base reaction and keto-enol

tautomerism. This process resulted in the formation and growth of β-ketoenamine-linked TpPa and TpPa-R

membranes on the surface of the NL-66 substrate. After 8 h of reaction, the resulting membranes were rinsed

successively with acetone, ethanol, and water and then stored in deionized water.

Ionic conductance measurements

Ionic conductance was measured at room temperature using a Keithley 2614B source meter and an H-

shaped electrochemical cell. The NL-66-supported TpPa or TpPa-R membrane (effective area of 1.77 cm
2
)

was clamped between the two compartments of the cell, and each compartment was filled with 15 mL of KCl
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Figure 1. (A) Chemical structures of TpPa and TpPa-R; (B) Schematic diagram of the electric-field-assisted interfacial polymerization
process; (C) Raman spectra, (D) FTIR spectra, and (E) XRD patterns of the TpPa and TpPa-R membranes; (F) Top-view and (G) cross-
sectional SEM images; (H) Ζeta (ζ) potentials of TpPa and TpPa-R membranes as a function of pH from 3 to 10. Membrane thicknesses in
panel (G) are given as mean ± standard deviation, and error bars in panel (H) represent the standard deviation obtained from three
independent measurements for each sample. COF: Covalent organic framework; DC: Direct current; FTIR: Fourier transform 
infrared; XRD: X-ray diffraction; SEM: scanning electron microscopy.

solution. For each of the four membranes, measurements were performed over a full matrix of conditions:

KCl concentrations from 10
-7
 M to 10

-1
 M in tenfold serial dilutions, and pH values of 3, 5, 7, 9.5, and 11.5. A

pair of Ag/AgCl electrodes was used to record the transmembrane ionic current. Linear voltage sweeps were

applied from -1.5 to +1.5 V at a scan rate of 10 mV/s, and the steady-state I-V curves were obtained. Ionic

conductance was then calculated from the slope of each curve. All ionic conductance measurements were

performed in triplicate for each membrane under each set of conditions to ensure reproducibility. Cation

transference numbers (t
+
) were measured and calculated as described in the Supplementary Materials. For

each membrane, measurements were performed five times, and the mean t
+
 value and the standard deviation

were calculated from these measurements.

https://file.oaecenter.com/published/pdf/e6ba7b497f9fb4c10f4d09f6936882a1/1793761501/iontronics2028-SupplementaryMaterials.pdf
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Membrane potential measurements

The pH-gradient membrane potential was measured at room temperature using a CHI660E electrochemical

workstation and the same H-shaped electrochemical cell setup used for the conductance measurements, with

the COF membrane clamped between the two compartments. Both compartments were filled with 10
-2

 M

KCl solutions; the pH was maintained at 7 on one side and switched between 3 and 11.5 on the other. A pair

of Ag/AgCl electrodes was used to monitor the open-circuit potential (OCP) in real time. In a typical pH-

switching cycle, the OCP was first recorded for 300 s with the test side at pH 3. The test side solution was

then removed, and the compartment was rinsed sequentially with deionized water and 10
-2
 M KCl solution at

pH 11.5 (two or three times each), before being refilled with fresh 10
-2
 M KCl at pH 11.5. The OCP was then

recorded for another 300 s. The same procedure was applied for the reverse switch (from pH 11.5 to pH 3).

This pH-switching protocol between 3 and 11.5 was repeated for three consecutive cycles.

General characterizations

Powder X-ray diffraction (PXRD) patterns were recorded at room temperature on a PANalytical Empyrean

diffractometer using Cu Kα radiation (λ = 1.5416 Å) at 40 kV and 40 mA, with a scanning range of 2.5° to 35°

and a speed of 2° min
-1
. Raman spectra were acquired on a Thermo Scientific DXR Raman spectrometer over

the range of 1,000-2,000 cm
-1
 with a 633 nm laser. Fourier transform infrared (FTIR) spectra were recorded

on a Thermo Scientific Nicolet spectrometer equipped with a Smart iTX-Diamond ATR accessory at room

temperature, with 64 scans per spectrum. Scanning electron microscopy (SEM) images were obtained on a

Hitachi SU8010 field-emission SEM to examine membrane surface morphology and cross-sectional

structure. Before imaging, samples were sputter-coated with a thin layer of gold to improve conductivity. The

top-view and cross-sectional images were acquired at an accelerating voltage of 5.0 kV and a working

distance of approximately 8 mm. Surface ζ potential as a function of solution pH was measured on an Anton

Paar SurPASS solid surface ζ potential analyzer using 10
-3
 M KCl at room temperature, with the pH adjusted

to 3, 5, 7, 8.5, and 10.

RESULTS AND DISCUSSION
Characterization of TpPa and TpPa-R membranes

The structures of the synthesized membranes were characterized by Raman spectroscopy, FTIR, and XRD.

Raman spectra are consistent with the formation of the β-ketoenamine framework in all membranes [Figure

1C], with characteristic bands at ~1,180, 1,395, and 1,608 cm
-1

 assigned to C-H, C-N, and aromatic C=C

vibrations, respectively
[29]

. Slight peak shifts and broadening in the TpPa-R derivatives may reflect the

incorporation of the intended functional groups. FTIR spectra further support the proposed chemical

structures [Figure 1D]. All four membranes exhibit the characteristic C=C absorption of the β-ketoenamine

framework at ~ 1,537-1,548 cm
-1

. For the functionalized derivatives, the spectrum of TpPa-OH shows a

distinct O-H stretching band at ~ 3,293 cm
-1
, whereas the diagnostic signals for sulfonic (S=O at ~1,075 cm

-1
)

and carboxyl (C=O at ~1,725 cm
-1

) groups are relatively weak but discernible
[30]

, likely because of the lower

oscillator strength of these vibrations or their involvement in hydrogen bonding.

XRD patterns of the membrane samples [Figure 1E] show three characteristic peaks at 4.6°, 8.0°, and 27.0°,

assignable to the (100), (110), and (001) planes of the hexagonal β-ketoenamine COFs, consistent with an

eclipsed stacking configuration [Supplementary Figure 1]
[31]

. The slight shift of the TpPa-OH peaks to higher

2θ angles suggests tighter layer packing, possibly arising from strong intermolecular hydrogen bonding

between the hydroxyl groups. In contrast, TpPa-COOH and TpPa-SO
3
H show negligible shifts, indicating

that these functional groups do not significantly alter the interlayer spacing and that the framework remains

essentially unchanged after functionalization. The pore sizes derived from the structural models are

comparable among the four membranes, ranging from approximately 1.5 to 1.8 nm [Supplementary Table

1]. These findings provide a structurally consistent platform for isolating the effects of pore-wall chemistry
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on ion transport behavior.

SEM images revealed substituent-dependent morphological variations among the four membranes [Figure

1F and G]. The unmodified TpPa membrane displays band-like aggregates with individual diameters of

approximately 680 nm, forming a relatively dense layer on the substrate with an average thickness of 23.7 ±
0.72 μm. Interstitial voids are visible among the aggregates. TpPa-OH exhibits a looser, sheet-like surface

morphology and a densely stacked cross-section with a thickness of 31.9 ± 1.88 μm. TpPa-COOH consists of

entangled fibrils and has a larger thickness of 35.6 ± 0.85 μm. TpPa-SO
3
H presents particle-aggregated porous

structures with a dense and smooth cross-section of 20.9 ± 2.02 μm. Despite these morphological differences,

all membranes adhere well to the substrate and remain structurally intact, with no visible cracks or

delamination. Although thickness variations may influence the absolute conductance values, the distinct pH-

gating behaviors discussed below arise primarily from differences in surface charge chemistry rather than

morphological features.

Zeta (ζ) potential measurements revealed clear substituent-dependent surface charge behavior for all four

membranes (Figure 1H; values with standard deviations are provided in Supplementary Table 2). For all

membranes, the ζ potential decreases monotonically with increasing pH, consistent with progressive

deprotonation of framework-bound ionizable groups. However, these trends vary in detail with the

functional group. TpPa-SO
3
H, bearing strongly acidic sulfonate groups (pKa <​ 0), remains negatively

charged across the entire pH range, with a high charge density that increases from -11.8 mV at pH 3 to -30.2

mV at pH 10. TpPa-COOH shows a sharp transition between pH 3 and pH 5, shifting from near-neutral

(-4.2 mV) to strongly negative (-17.2 mV), consistent with the deprotonation of carboxyl groups (pKa ≈ 4-5).

The ζ potential decreases further, albeit more gradually above pH 7, reaching -26.8 mV at pH 10. In contrast,

TpPa-OH and unmodified TpPa are positively charged at pH 3 (+8.1 and +20.4 mV, respectively), indicating

protonated imine linkages or residual amine groups, and both become negatively charged above pH 5.

Particularly, unmodified TpPa becomes more negative than TpPa-OH at pH ≥ 7 (-23.7 vs. -17.6 mV at pH 7;

-30.0 vs. -24.7 mV at pH 10), suggesting additional deprotonatable sites on the unsubstituted framework. The

pH at which the ζ potential crosses zero, together with the magnitude of the negative charge at high pH,

reflects the acid strength of the functional groups. These charge profiles, primarily governed by the pKa of

each modifier, provide the molecular basis for the pH-gated ion transport behavior discussed below.

Surface-charge-governed ion transport at neutral pH

Ion transport through the four TpPa-based membranes was investigated in symmetric KCl solutions (10
-7
 to

10
-1
 M) at pH 7. Representative I-V curves at 10

-6
 M [Figure 2A] and full concentration-dependent I-V data

[Supplementary Figure 2] show linear responses for all membranes, indicating ohmic transport behavior and

allowing conductance to be extracted from the slope of each curve. The concentration-dependent

conductance profiles [Figure 2B] show a transition from bulk-dominated to surface-charge-governed

transport as the salt concentration decreases. In the high-concentration regime (above 10
-5
 M), conductance

decreases approximately linearly with dilution for all four membranes. Here, the abundant bulk ions

effectively screen the surface charges of the nanochannels and govern ion transport. At 10
-1
 M KCl, the three

functionalized membranes exhibit higher conductance than TpPa. As the concentration decreases to 10
-2
-10

-4

M, the conductance of TpPa-COOH, TpPa-OH, and TpPa converges to comparable values, all remaining

lower than that of TpPa-SO
3
H.

Upon dilution to 10
- 5

 M, the conductance across the four membranes decreases to 0.91-2.49 μS

[Supplementary Table 3], marking a departure from the bulk-dominated linear regime. The Debye length

here approaches the nanochannel dimensions, and bulk ions become depleted within the pores
[32]

. Transport

is now governed by the negatively charged pore walls, which selectively enrich cations and exclude anions,
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Figure 2. (A) Representative I-V curves of the four membranes in 10-6 M KCl at pH 7; (B) Ionic conductance as a function of KCl
concentration (10-7 to 10-1 M) at pH 7; (C) Cation transference numbers (t+) measured under a tenfold KCl concentration gradient (10-3 M
vs. 10-2 M) at pH 7. Error bars in (C) represent the standard deviation obtained from five independent measurements for each sample.

maintaining a counterion concentration that far exceeds the bulk value. At 10
-6

 M, the surface-charge-

governed regime yields a conductance ranking of TpPa-SO
3
H > TpPa ≈ TpPa-OH > TpPa-COOH, which

does not follow the order of ζ potentials measured at pH 7. For instance, TpPa and TpPa-SO
3
H have

comparable ζ potentials (-23.7 and -21.4 mV), yet TpPa-SO
3
H shows higher conductance. Conversely, TpPa-

COOH demonstrates a more negative ζ potential than TpPa-OH (-21.0 vs. -17.6 mV) but exhibits lower

conductance. Upon further dilution to 10
-7
 M, the ranking shifts to TpPa-SO

3
H ≈ TpPa-COOH > TpPa-OH >

TpPa. These deviations from the ζ potential trend indicate that net surface charge alone does not govern ion

transport. The chemical identity of the charged groups and, under extreme dilution, the contribution of

hydronium ions must also be considered.

Cation transference numbers (t
+
) measured under a tenfold KCl concentration gradient [Figure 2C] exceed

0.8 for all four membranes, confirming strong monovalent cation selectivity. The TpPa-OH membrane

reaches the highest value of 0.94 ± 0.04, which is comparable to that of a reported 3D sulfonated COF

membrane (t
+
 = 0.976)

[33]
. These results provide a baseline at pH 7 for the pH-dependent behavior examined

in the following section, where protonation and deprotonation of the functional groups systematically

modulate the surface charge and, in turn, the ion transport properties.

pH-gated ion transport in TpPa-based COF membranes

To evaluate the pH responsiveness of the TpPa-based membranes, we measured conductance as a function

of KCl concentration at pH 3, 5, 9.5, and 11.5 [Supplementary Figures 3-6]. At each pH, all four membranes

exhibit the same qualitative behavior seen at pH 7: conductance decreases approximately linearly with

dilution at high salt concentrations and transitions to a much weaker concentration dependence at low salt

concentrations, indicating that the surface-charge-governed transport regime persists throughout the pH

range. However, the magnitude of conductance varies markedly with pH. The low-concentration plateau

(10
-7
-10

-5
 M) conductance for the four membranes at pH 11.5 (ca. 54-96 μS, Supplementary Figure 3H) and at

pH 3 (ca. 35-64 μS, Supplementary Figure 4H) is 19- to 114-fold higher than the corresponding values at

pH 7 (ca. 0.47-2.49 μS, Figure 2B). The transition between the two concentration regimes is less pronounced

at extreme pH because the increased concentration and high mobility of H
+
 or OH

-
 raise the low-

concentration conductance, reducing the contrast with the high-concentration regime.

The intermediate pH values reveal the influence of functional-group chemistry. At pH 5, the conductance of

all four membranes decreases substantially relative to pH 3 due to the decreased H
+
 concentration. The four

membranes converge to a narrow range of 2.2-4.3 μS at 10
- 5

 M [Supplementary Figure 5H and

Supplementary Table 3]. For TpPa-COOH, pH 5 is close to the carboxyl pKa, and this membrane exhibits

lower conductance than TpPa-OH below 10
-4
 M. At pH 9.5, near the phenol pKa (≈ 9-10), the conductance
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trend follows a different pattern [Supplementary Figure 6H]. TpPa-COOH exhibits higher conductance than

TpPa-OH at concentrations above approximately 10
-3
 M, whereas TpPa-OH surpasses TpPa-COOH below

10
-4

 M. This reversal reflects the progressive deprotonation of the phenol groups in TpPa-OH, which

generates an effective surface charge that becomes increasingly important as the salt concentration decreases.

To further quantitatively compare pH-dependent behavior across membranes, we focused on 10
-6

 M KCl,

where the Debye length (about 300 nm) far exceeds the channel dimensions. This concentration falls well

within the surface-charge-governed regime for all membranes (below 10
-5
 M), yet remains sufficiently above

the extreme dilution limit (10
-7
 M) where hydronium contributions begin to complicate the interpretation.

As shown in Figure 3A and Supplementary Table 4, all membranes display a U-shaped pH dependence: high

conductance is observed at both acidic (pH 3) and alkaline (pH 11.5) extremes, with a minimum near neutral

pH. The depth of the conductance minimum and the steepness of the pH response vary among membranes.

TpPa-SO
3
H maintains the highest conductance at all pH values, including the minimum at pH 7 (0.89 ± 0.09

μS). TpPa-COOH exhibits the most pronounced pH response, with a sharp decrease from 54.4 ± 3.56 to 2.2 ±
0.18 μS between pH 3 and pH 5, coinciding with the carboxyl pKa (≈ 4.5). Its conductance at pH 7 (0.48 ±
0.04 μS) is the lowest among all membranes, lower than that of unmodified TpPa (0.60 ± 0.05 μS). At pH ≥ 5,

TpPa-COOH has lower conductance than TpPa-OH. TpPa-OH demonstrates a conductance minimum at

pH 7 (0.62 ± 0.12 μS) slightly higher than that of TpPa-COOH, and a steep alkaline rise that coincides with

the phenol pKa (≈ 9-10).

The ON/OFF ratios are defined as the conductance at pH 3 or 11.5 divided by that at pH 7 to quantify the

pH-gating amplitude [Supplementary Table 4]. TpPa-SO
3
H shows the smallest ratios (70 acidic-neutral, 79

alkaline-neutral) because of its high baseline conductance at pH 7, despite maintaining the highest absolute

conductance at both extremes. TpPa-COOH displays the largest acidic-to-neutral ratio (113), consistent with

its sharp decrease from pH 3 to pH 7, and the highest alkaline-to-neutral ratio (114) due to its lowest

conductance at pH 7. TpPa-OH exhibits an alkaline-to-neutral ratio of 101, indicating the onset of phenolate

deprotonation above pH 9. The unmodified TpPa also presents notable ratios (71 acidic-neutral, 98 alkaline-

neutral), which can be attributed to the framework’s intrinsic pH response and non-specific adsorption.

These values are comparable to those reported for the COF-DT membrane (~ 100)
[13]

. To assess reversibility,

we cycled the solution pH between 3 and 7, and separately between 7 and 11.5, while monitoring

conductance at 10
-6

 M [Figure 3B and C]. All four membranes recover their initial conductance after each

cycle, with no measurable drift over four cycles, consistent with reversible protonation/deprotonation of

framework sites and functional groups, as well as reversible ion adsorption/desorption for unmodified TpPa,

rather than irreversible structural changes to the COF framework.

Mechanistic origin of pH-gating ion transport

To understand the origin of these pH-dependent conductance differences, we examined the surface charge

densities (σ) derived from the ζ potential measurements [Figure 1H] as a function of pH [Figure 3D and

Supplementary Table 5]. For TpPa-SO
3
H, the absolute value of σ increases monotonically from 0.86 mC m

-2

at pH 3 to 2.31 mC m
-2
 at pH 10. TpPa-COOH and TpPa-OH show similar increases (from 0.30 to 2.02 mC

m
-2
 and from 0.59 to 1.85 mC m

-2
, respectively). TpPa is positively charged at pH 3 (+20.4 mV, σ = 1.51 mC

m
-2

) due to imine protonation, but becomes negatively charged at pH ≥ 5, with σ rising from 0.51 mC m
-2
 at

pH 5 to 2.29 mC m
-2

 at pH 10. Across this pH range, however, the conductance follows a U-shaped curve

rather than a monotonic trend.

The zero-current potentials at pH 7 [Figure 3E] follow the order TpPa (40.7 ± 1.33 mV) > TpPa-SO
3
H (17.4 ±

2.47 mV) > TpPa-COOH (12.8 ± 1.34 mV) > TpPa-OH (4.9 ± 2.24 mV). For TpPa-R, this order correlates

with σ at pH 7 (1.59, 1.56, and 1.32 mC m
-2
 for TpPa-SO

3
H, TpPa-COOH, TpPa-OH, respectively), whereas
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Figure 3. pH-gated ion transport in TpPa-based COF membranes. (A) Conductance at 10-6 M KCl as a function of pH for the four
membranes. Reversible conductance switching (B) between pH 7 and pH 3, and (C) between pH 7 and pH 11.5 at 10-6 M KCl. Shaded areas
indicate the fluctuation range over consecutive cycles; (D) Apparent surface charge density (σ) calculated from ζ potential measurements
as a function of pH; (E) Zero-current potential of the four COF membranes at pH 7. Error bars in (A) and (E) represent the standard
deviation obtained from three independent measurements for each sample and condition. COF: Covalent organic framework.

TpPa exhibits a slightly higher σ (1.77 mC m
-2

) but a much larger zero-current potential. This deviation

indicates a different nature of the surface charge: covalently tethered charges in TpPa-R are symmetrically

distributed, giving small Donnan potential differences, while non-specific OH
-
 adsorption in TpPa is

asymmetric and produces a larger potential difference. The low zero-current potential of TpPa-OH indicates

the most symmetric charge distribution across the membrane under symmetric conditions. Together with

the U-shaped conductance profile, these results indicate that σ alone is insufficient to describe ion transport.

A more appropriate descriptor is effective surface charge density (σ
eff

), defined as the fraction of the apparent

charge that participates in counterion enrichment. For the four TpPa-based membranes, σ
eff

 depends on two

factors. The pKa of each functional group sets the pH at which surface charge appears. The chemical

environment of that charge, including its hydration, spatial localization, and covalent fixation, then

determines how effectively it enriches counterions
[34,35]

.

With σ
eff

 as the central parameter, the pH-dependent behavior of the four membranes can be understood as

follows. As illustrated in Figure 4, at low pH (3-5), the abundance and high mobility of H
+
 provide a high

background conductance to all four membranes
[36]

. The actual conductance of each membrane, however,
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Figure 4. Schematic illustration of the ion transport mechanism in TpPa-R membrane nanochannels under different pH conditions.

depends on how effectively its pore surface enriches counterions. TpPa-SO
3
H with fully deprotonated

sulfonate groups (pKa <​ 0) remains negatively charged and enriches both K
+
 and H

+
, giving the highest σ

eff

and conductance. The nearly neutral TpPa-COOH accumulates cations weakly, resulting in an intermediate

σ
eff

 and conductance. In contrast, the protonated TpPa-OH and TpPa with positively charged pores partially

enrich Cl
-
 while repelling cations, leading to lower σ

eff
 and conductance. At high pH (9.5-11.5), the bulk OH

-

with high mobility also provides a high background conductance. Deprotonation of pH-responsive groups

and framework sites renders all membranes negatively charged, enhancing σ
eff

 and conductance. The

differences in high-pH conductance reflect differences in σ
eff

 for all membranes at the same bulk OH
-

concentration. TpPa-SO
3
H maintains the highest σ

eff
, while TpPa-OH surpasses TpPa-COOH, and TpPa

exhibits intermediate σ
eff

. These observations indicate that σ
eff

 remains effective even when bulk H
+
 or OH

-

concentrations are high. The “ON” state at extreme pH therefore results from the combined effects of bulk

H
+
 or OH

-
 conduction and pore-surface charge regulation.

Under neutral pH conditions, H
+
 and OH

-
 contributions are minimal, and σ

eff
 governs transport. TpPa-SO

3
H

shows the shallowest minimum at pH 7, consistent with its fully dissociated sulfonate groups, which have a

highly localized charge and minimal hydration screening. TpPa-COOH exhibits the deepest minimum,

lower than that of TpPa-OH, despite its higher σ at pH 7. This inversion can be attributed to the strong

hydration shell of the carboxylate groups, which partially screens the fixed charges through dielectric

shielding, reducing σ
eff

 for counterion enrichment
[27]

. The same hydration screening also accounts for the

lower σ
eff

 of TpPa-COOH relative to TpPa-OH at high pH. TpPa, whose charge arises from physically

adsorbed OH
-
, exhibits a minimum consistent with its low σ

eff
.

The pH response of the four membranes is therefore governed by the interplay between σ
eff

 and the high-

mobility carriers (H
+
 and OH

-
). The relative weight of these two contributions varies with functional group

and pH, leading to the different response amplitudes observed.

pH-responsive membrane potential and biomimetic switching

The pH-gradient membrane potential experiment parallels the electrophysiological behavior of biological

membranes, which use surface charges and ion channels to generate membrane potentials and regulate
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Figure 5. (A) Schematic illustration of the bioinspired design of TpPa-R COF membranes for mimicking pH-gated biological ion channels.
(B) Membrane potential responses of TpPa-R and TpPa membranes under asymmetric pH conditions, with one side switched between pH
3 and pH 11.5 while the other remained at pH 7. COF: Covalent organic framework.

selectivity. COF membranes, with pH-responsive surfaces and well-defined nanochannels, offer a suitable

biomimetic platform [Figure 5A]. We measured the pH-responsive potentials of TpPa-based membranes

under asymmetric pH gradients [Figure 5B]. All four membranes generate pH-responsive membrane

potentials: positive under pH 7|3 and negative under pH 7|11.5 (TpPa near 0 mV). This polarity reversal

indicates the pH-induced change in the internal electric field. When one side of the membrane is cycled

between acidic and alkaline conditions, the field direction reverses, altering the preferential migration

direction of cations and anions and thereby reversing the potential polarity.

The four TpPa-based membranes exhibit distinct membrane potentials, indicating differences in the pH-

responsive behavior of their functional groups. Under acidic gradients (pH 7|3), the membrane potentials are

+2.3, +2.6, +2.1, and +1.6 mV for TpPa-SO
3
H, TpPa-OH, TpPa-COOH, and TpPa, respectively. For TpPa-

SO
3
H, the high and stable potential originates from the high σ

eff
 of its negative sulfonate groups, which

promotes cation-selective migration. TpPa-OH exhibits the highest potential, likely due to the enhanced

proton transport through hydrogen-bond networks formed by its phenolic hydroxyl groups
[37,38]

. The lower

potentials of TpPa-COOH and TpPa probably reflect hydration screening of the carboxylate groups in the

former, and the absence of strongly ionizable groups in the latter. Under alkaline gradients (pH 7|11.5),

TpPa-SO
3
H and TpPa-OH both give -3.8 mV, whereas TpPa-COOH gives -0.3 mV and TpPa remains near 0

mV. For TpPa-SO
3
H and TpPa-OH, the sulfonate and phenolate groups remain fully deprotonated,

maintaining high effective negative charge and cation selectivity. TpPa-COOH loses most of its membrane

potential, also likely attributed to hydration screening effect, while TpPa relies only on intrinsic framework

charges, giving a near-zero membrane potential.

With repeated pH-switching cycles, the membrane potentials decay toward 0 V, most markedly for TpPa-

COOH and TpPa-OH. This decay is likely attributed to (i) transient ion trapping within the nanochannels
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via strong electrostatic interactions with deprotonated groups, and (ii) incomplete recovery of

protonation/deprotonation states, particularly for -OH and -COOH groups with higher pKa values
[20,23]

.

These observations suggest that pulsed pH switching or periodic regeneration may improve cycling stability.

This pH-switchable ion selectivity distinguishes these membranes from conventional pH-gating systems that

modulate conductance magnitude, and makes them promising for biomimetic iontronic applications

requiring directional ion control.

CONCLUSIONS
In summary, we have demonstrated chemically programmable pH-gated ion transport in TpPa-based COF

membranes with oxygen-containing groups (-SO
3
H, -COOH, and -OH). The pH-dependent conductance

followed a common U-shaped profile, with maxima at acidic and alkaline extremes and a minimum near

neutral pH. Surface-charge-governed transport remained operative across the entire pH range, dominating at

low ionic strength and neutral pH while contributing alongside high-mobility H
+
 and OH

-
 at the extremes.

The σ
eff

, rather than the apparent charge density from ζ potentials, governed ion transport. TpPa-SO
3
H

exhibited the broadest pH responsiveness and highest ion conductance due to its full dissociation and high

σ
eff

. TpPa-COOH showed lower conductance than TpPa-OH at pH ≥ 5 despite higher apparent surface

charge, an inversion caused by hydration screening that reduced σ
eff

. Conversely, deprotonation of the

phenol groups of TpPa-OH enhanced σ
eff

 and conductance. The pKa of each group set the pH window of the

conductance minimum, while σ
eff

 dictated its depth, enabling reversible ON/OFF ratios exceeding 110 for

TpPa-COOH. Under asymmetric pH gradients, the membrane potential polarity reversed, indicating a

reversal in the preferred direction of ion transport and distinguishing this system from conventional pH-

gating platforms that primarily modulate conductance magnitude. These results establish a molecular design

principle for smart nanofluidic membranes, where functional group selection programs both the pH

response window and switching amplitude, offering a versatile platform for programmable pH-responsive

iontronic systems.
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