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We modulate the dynamic electric

gating process in nanoporous
membrane at sub-2-nm speed

The thickness of the polymer film
in nanochannels changes by 83%

The successive polymer chain
variation at nanoscale is observed
by AFM in situ

We precisely modulate the dynamic electric gating process in a polypyrrole (PPy)-
based nanoporous membrane system at sub-2-nm speed. The thickness of the
polymer film in nanochannels changes by 83%. The successive polymer chain
variation at nanoscale is observed by atomic force microscope (AFM) in situ. The
small operation voltage (—0.5 to 0.8 V) and quantitative variation, along with
biocompatible materials, make this membrane promising for smart wearable
applications. Our membrane strategy also provides some inspiration toward
advanced separation membrane on nanoscale.
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of nanoporous membrane at sub-2-nm speed
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SUMMARY

Gating properties of nanochannels, as the key nanofluidic behavior,
have huge applications in sensing, mass transportation, and separa-
tion. The terminal “open” and "closed” states in response to
changes in environments have been widely studied. Yet to date,
control of the dynamic gating process at quantitatively nanoscale
speed remains a great challenge. Here, we modulate the dynami-
cally electric gating process in a polypyrrole (PPy)-based nanopo-
rous membrane system at sub-2-nm speed. The nanoconfinement
environment endows the polymer chain with excellent electrochem-
ical properties, and the polymer film swells or contracts at a
controlled speed, accompanied by a reversible counterion uptake
or expulsion. With this switching process, the thickness of the poly-
mer changes by 83%, resulting in a fully closed gating state. In addi-
tion to atomic force microscope (AFM) topography in situ, the small
operation voltages and ultra-high-strain scope, along with biocom-
patible materials, make this design promising for smart nanorobot
and wearable electronics.

INTRODUCTION

Biological channels embedded in cell membranes can precisely control mass trans-
port, usually by fine-tuning dwelling time at the membrane."? Inspired by this gating
property, researchers have created an abundance of smart nanoporous membranes
for their huge applications in biosensing, liquid and chemical separation, drug deliv-
ery, energy conversion, etc.”” The rational design of a gating nanoporous mem-
brane aims to modify the surface chemistry of the channels in response to external
stimuli®'? or build channels with a tunable shape.'® Recently, the dynamic gating
process has also been investigated in microporous membranes, wettability-tunable
membranes, and gas-transport membranes.’*'® Among these gating membranes,
controlling pore size is a key factor, which plays a vital role in permeability and selec-
tivity.'”'® The ability of in situ precise size modulation is critical for nanofluidic de-
vices, which benefit the high-precision separation and single-species selectivity.
However, the exquisite tuning of the radius of the nanochannels still remains a chal-
lenge, especially at a quantitatively nanoscale speed.

Generally, polymer brushes are widely adapted to modify the surface chemistry of
the pore, and the reversible chemical configuration switch renders the membrane
able to respond to pH, temperature, ions, magnetic or electric fields, etc.!7?]
Similar to liquid, polymer brushes may behave quite differently in a nanoconfined
environment. Exploring the interplay of polymer brushes with ions in a confined envi-

ronment remains elusive but important; for example, polymer expansion in a battery
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largely decreases the lifespan of the battery.”” Therefore, exploring the polymer
volume expansion and contraction mechanism is critical for polymer application.
Conducting polymers, with surface charge and volume variation along the redox
process, have been extensively studied in smart nanopores, mainly based on the
electric inducing gating and rectifying current.?*?® In these works, the two
terminated states (i.e., the fully reduced and oxidized states) are intensely studied.
However, the dynamics of the swelling process has long been underestimated,

especially from a quantitative aspect.?”

RESULT AND DISCUSSION

Here, we modulate the dynamically electric gating process in a polypyrrole (PPy)-
based nanoporous membrane system at sub-2-nm speed. By modifying PPy onto
an anodic aluminum oxide (AAO) membrane, a series of conducting polymer
nanoporous membranes (CPNMs) were obtained (Figures ST and S2). Owing to
the nanoconfined environment, the intrapore PPy is associated with chain-like poly-
mer growth and lower electrical resistance.?’**3* Thus, with a small operating win-
dow (—0.5 to 0.8 V), PPy film contracts or swells at a controlled speed accompanied
by a reversible counterion uptake or expulsion. Then, a successive polymer chain
variation process is directly observed at nanoscale (ca. 10 nm) by atomic force micro-
scope (AFM) topography in situ. In addition, through this, we observed the polymer
brush expansion and contraction behavior of exchanging ions with the electrolyte
when applied with a bias. As shown in Figure 1A by testing the ionic transmembrane
property with electric stimuli in situ, a redox voltage gating nanofluidic device was
successfully constructed, confirmed by transmission electron microscopy (TEM)
images (Figure 1B). The largest inner diameter (39.8 nm) of CPNMs (labeled as
“switch-on state”) and the smallest diameter (i.e., nearly 0 nm of inner diameter)
CPNMs (labeled as “switch-off state”) were obtained. The channels are fully blocked
by the polymer film eventually, which has not been reported so far. With this switch-
ing process, the thickness of the polymer changes by 83%, while the volume expands
almost three times. In addition to the two terminated states, a successive spatial
change along the radial direction was observed, resulting in a regulated pore size
(Figures 1C and 1D) and controlled ionic transmembrane conductance. Through
AFM in situ, nanometer-scale expansion and contraction of the polymer chain
were directly observed.

Modulated ionic transmembrane conductance at controlled speed

In the nanofluidic system, both the surface charge and the pore size benefit the ionic
transport conductance. The contribution of surface charge to conductivity is mainly
dominated by the salt concentration, which affects the thickness of the electric dou-
ble layer.*> Here, to directly verify that the radius variation in our system dominated
the transmembrane conductance, we tested the dependence of the conductance on
the ionic concentration. While in dilute salt solution (0.01 M KCl), the current-voltage
curve is nonlinear, and the membrane shows ionic current rectification (Figure 2A).
However, with increasing ionic concentration, the linear current-versus-voltage
curve appears (Figure 2B). Our experimental data demonstrated that the ions travel
across the membrane linearly in 0.1 M KCl solution. In this case, the impact of surface
charge on the conductivity could be neglected, because the surface charge is
screened by the concentrated counterions and the Debye length is very small (esti-
mated to be 0.95 nm). On the other hand, the charges on the polymer brush increase
if the membrane is applied with an oxidation potential. If the contribution of the sur-
face charge works, here, the conductance is supposed to deviate from the bulk. In
our system, this trend is the opposite, and the tested current continues to decline.
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Figure 1. Dynamic electric gating in a conducting polymer integrated porous membrane system
(A) Electrical measurements of the nanoporous membrane.

(B) Schematic of the gating property of the membrane (top) and the process shown by TEM images
(bottom). The full open and closed states of the CPNMs correspond to the oxidative and reduced
states, respectively.

(C) Schematic of speed-controlled channel radius with redox process.

(D) Radius of CPNM varies with time of redox potential across the membrane.

This result reveals that the spatial volume dominates the currentin these pores. As a
first-order approximation, the nanoporous membrane with polypyrrole film could be
considered as cylindrical pores. The conductance is mainly determined by the diam-
eter of the pores (Figure S5): G=«kp, * md? /4L, where kj, is the bulk conductivity and L
and d are the length and diameter of the nanopore, respectively. In our CPNM
system, the conductance is proportional to the diameter of the channel. All the
data reported next in this article were detected in 0.1 M KCI, where the surface
charge effect could be neglected (where the Debye length is ca. 0.95 nm, which is
far less than the diameter of the pore).

Owing to the excellent electrochemical property of the membrane (Figure S7), the
transmembrane conductance exhibited a periodic switch between nearly O and
approximately 90 ps, if the membrane was applied at a periodic potential stimulus
for 10 min (insets in Figure 2C are SEM images of the corresponding CPNMs in
the periodic open and closed states, Figures S8-510). Through this gating process,
the current dropped nearly three to four orders of magnitude. Particularly, through
periodic switching potentials for 100 cycles, ionic conductance remained relatively
stable, demonstrating the robustness of our CPNMs (Figure S11).

To explore the situation where the membrane is partially charged, we tested the
transmembrane conductance by applying different times of bias. We performed a
series of experiments for investigating the dynamic current change via time in
response to electric field. This phenomenon was observed with the potentiostatic
mode. As shown in the device diagram in Figure 1A, a bias of 0.5 V was directly

¢? CellPress

Matter 5, 281-290, January 5, 2022 283




¢? CellPress

As B v C 1204
b o - ~
60 /V
9’ B
-4 $4 . 301 % @ 1
I o 3 A F -
S = v
- 24 J - z Q original
£ o € a4 €
8 ) g 0 7 S o] state
o 77
s -30 o 1
24 000‘6'66 y,V" o o
- TR N
-4 x + = + = % = + -

+ switch-off potential
- switch-on potential

D F
100
(<] Vv v Vv v
754 %o, %
— & o v
< @ () s
= ] o v @ul ° e
5 80 ° 8 ° o
g 5 =1 § 50 °|
- v|
] o
8 é v _§ 25 v
£ 254 v S ofpvw v 7
o v oo < '}ime(mifl) s
o-wV‘7 °% o0 o o
0 4 8 12 16
Time (min)

Figure 2. Electrical and ionic conducting properties of the CPNM

(A and B) lonic current across the membrane in different electrolyte concentrations (A, 0.01 M; B, 0.1 M).

(C) Reversible switch inion transport achieved by applying periodic switching potentials for 10 min. Each point is the average of five experiments. Insets
are SEM images of CPNM in periodic open (switch-on) and closed (switch-off) states.

(D and E) lonic current varies with application time of in situ switch-on a and switch-off b potentials (D, 500 mV; E, —800 mV).

(F) The conductance varies as a function of time while the membrane is applied with redox potential. The insetimage is the conductance variation in the
first 3 min. All data in (C-F) were obtained from CPNMs that were fabricated by 10 cycles of cyclic voltammetry as well. The conductance measurement
was performed in 0.1 M KCI.

applied onto the polymer brush for 15 s. The current slightly dropped as shown in
Figure 2D. After several runs, the current continued to decrease until the value of
the current had fallen to almost zero. At this stage, the channels stayed closed,
even though bias was still applied across the membrane. In contrast, the current
would rise if a reduction potential (-0.8 V) was applied. Clearly, the current
increased steadily until it reached the maximum value as shown in Figure 2E. If the
membrane was completely reduced, the current remained at this peak. Figure 2F
demonstrates that the transmembrane conductance decreases or increases contin-
uously with an applied bias. When it drops to zero or rises to the maximum value, the
conductance will not change, corresponding to the complete oxidation or reduction
state of the conducting polymer. These two processes are reversible and completely
opposite. Based on the equation between the radius and the conductance, and the
minimum and maximum value of the conductance corresponding to the terminated
states of the closed and open states, we estimated that the pore size could be tuned
precisely every 1.5 nm each time (by applying a potential for 15 s). Although
numerous materials have been explored to prepare solid nanopores, it remains a
great challenge to precisely modulate it under 10 nm, not even tuning the pore

size for an as-prepared pore, especially for the soft matter.?’-?%

In situ AFM topography variation as a function of time with an applied bias

As discussed above, to study the effect of polymer expansion and contraction on
transmembrane conductance, we chose a relatively high ionic concentration to
test where the contribution of surface charge is shielded. We also tested the spatial
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Figure 3. In situ AFM imaging as a function of the electric field effect

(A) The setup of the AFM measurement with electric field.

(B) Schematics of different polymer brush modes in the AFM experiment, with the ions expelled
outward or penetrating into the polymer film.

(C) Topography of the polymer film varies as a function of time with the applied bias, and this
process is reversible. All the data were measured in 100 mM KCl electrolytes. Red circles marked in
(C) show the same spot during the AFM experiment.

change with redox potential in 100 mM KCI by AFM in situ (Figure 3A). By probing
the horizontal displacement of the polymer brush confined in the nanopores, we
directly observed the polymer film variation process under electric field. As shown
in Figure 3B, the morphology of the polymer in a confined environment changes
in accordance with the ion takeup in the electrolyte.””*° The radius in the original
state was 11.2 + 2.2 nm. It increased to 19.1 + 2.1 nm when a bias of —0.8 V was
applied to the membrane for 30 s so that the doping ions drifted out of the polymer
brush. After several runs, the polymer film contracted to the fully opened state with a
radius of 49.8 + 4.7 nm. Under an oxidizing bias, the polymer film swelled subse-
quently and finally completely blocked the pore. The polymer chain in the nanocon-
finement environment exhibits a unique performance.®” With this switching process,
the thickness of the polymer changes by 83%, which is much higher than previous
reports.'**® Owing to the excellent electrochemical property of PPy in such a nano-
confined environment, this process is reversible. Hence, we directly observed that
the reversible expansion and contraction scope depend on the input charge along
the polymer chain (Figure 3B). These data are in accord with data regarding modu-
lation in ionic transmembrane current during continuous electric regulation.

Adjusting ionic transmembrane conductance at tunable speed

We noticed that the volume swelling and contraction scale may be correlated to the
amount of charge along the polymer chain. The number of electric charges stored in
the membrane could be tuned with the applied voltage or current. As shown in Fig-
ure 4A, the polymer brushes were charged or discharged with different amounts of
electrons or holes through the galvanotactic method. Then the tested ionic trans-
membrane conductance was continuously adjustable in a wide range. From the
initial state to the full oxidation and then back to the initial state, we realized the
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Figure 4. Volume expansion and contraction mechanism as a function of the input charge onto the
polymer brushes

(A) Conductance varies as a function of the voltammetric charge with modulated speed. The data
were collected in the CPNM with thinner polymer brushes; thus, the conductance of the oxidized
state did not reach zero (Figure S3).

(B) The change in transmembrane conductance depends on the input charge onto the polymer
every 1 min.

(C) The reversal chemical configuration switch, induced by electric field, corresponds to the volume
contraction and expansion states of the polymer film.

(D) The swelling mechanism depending on the number of positive holes along the polymer
(equilibrium between the solvated ions from the electrolyte and the positive holes along the
polymer chain).

closed-loop adjustment with variable rates. At the beginning, four stimuli (current
density 5 pA for 60 s) were applied consecutively to the membrane, the transmem-
brane conductance dropped continuously, and the change in conductance was basi-
cally maintained at a stable level. Then, a current density of 10 pA/cm? every minute
was charged onto the membrane, and the conductance continued to decrease at a
higher speed. On the third stimulus, the conductance changed slowly. Then current
densities of 15, 20, and 25 pA for 1 min were applied to the membrane, and the
conductance did not show a significant increase, as it could not be oxidized further.
During this period, the membrane underwent an oxidation reaction. Then, a current
density of 20 pA was applied on the membrane for 1 min. Clearly, the conductance
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increased sharply, and this trend was the same for another stimulus (20 pA/cm? for
1 min). Finally, a larger stimulus (30 pA for 1 min) was added onto the membrane,
and the conductance returned to the same value as the initial state. The entire circle
was completed in this redox process at variable speed. This showed that the expan-
sion rate of the polymer could be regulated by the amount of electricity given per
unit time. It revealed that the volume swelling speed of the polymer brush could
be precisely modulated by controlling the total amount of input charge per unit
time. With the applied current increased, the transmembrane conductance began
to change, and the amplitude of change increased with the increased input current
density. Instant overoxidation or overreduction may have occurred if excessive cur-
rent were applied. In addition, this gating process was suitable for various electrolyte
solutions (Figure S14) and temperature conditions (Figure S15) and had the best per-
formance under acidic aqueous solutions (Figure S16).

Mechanism of volume expansion and contraction during charging and
discharging

The interplay between the electrolyte and the semiconducting network gives plenty
of room to explore. The swelling equilibrium of the polymer network is the result of a
balance between two competing processes.>” ' The polymer brush moves freely
along the radical direction of the pore while other directions are limited.

(1) Elastic pressure:
When the polymer network is expanded from its native state, there is an elastic

restoring force, which resists the expansion. The elastic contribution can be written
as an elastic pressure, given by

2
IE?II' = A% g—g, (Equation 1)
where ¢ is the polymer concentration and N is the number of statistical units of a
strand. The combination of Ap/N gives the number density of the strands. These
strands act like elastic strings, and the averaged end-to-end distances in the refer-
ence state (without swelling) and the swollen state are Rg and R?, respectively. For
the Gaussian chain model, RZ = Nb?, where b is the statistical unit length (Kuhn
length). The prefactor A in Equation 1 depends on the network model.

(2) Osmotic pressure:
On the other hand, the driving force to expand the network is from the osmotic pres-

sure Ilos. For networks composed of charged chains and under low salt concentra-
tion, the osmotic pressure is essentially the result of counterion’s entropy,*?

I ls .
T~ {1 _ﬂ] ag (Equation 2)
where « is the fraction of charged monomer in the network, g = e?/(4nekgT) is the
Bjerrum length, and A = b/« is the contour length between two consecutive charges.
In the limit of Manning condensation, strongly charged chains are screened, and the
effective charge of the polyelectrolyte chain is renormalized, leading to A = [g.
Equation 2 is then simplified to
Hos 1 .
= —ag. E
T za(p (Equation 3)

The balance between elastic pressure (1) and osmotic pressure (2) gives
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B~ N'2q"? = R ~ Nba'/? . (Equation 4)
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If the polymer network is confined in nanopores, the gel could expand or contract in
the radical direction. In this case, the area of the cross section is swollen according to
Equation 4:

m(E—r) ;

——~all Equation 5

27TI’0D0 ( q )

So the radius of CPNMs swells or contracts with the charging or discharging process
(redox process) along the backbone. Here, ris the radius of the conducting polymer
porous membrane, ry is the original radius, and Dy is the original thickness of the
polymer gel. This relationship accurately predicts that, confined in the nanochan-
nels, the radius of the membrane could be modulated by regulating the charges
along the conducting polymer. So this rationale could be used to design dynamic
gating transport in nanochannels by varying the diameters at controlled speed at
nanometer scale.

DISCUSSION

Previously, conducting polymer film as soft actuator matter was widely used. How-
ever, the nature of the polymer chain movement induced by doping ions is unique
to organic semiconductors, yet poorly understood. The nanoconfinement environ-
ment endows the PPy-based nanoporous membrane with excellent electrochemical
properties. Thus, this platform provides a small operation voltage (—0.5 to 0.8 V) for
directly observing the successive polymer chain variation at nanoscale (ca. 10 nm) by
AFM topography in situ. Furthermore, the thickness of the polymer changes by 83%,
resulting in a fully closed gating state, which has not been reported before. Here, we
also set up a model to study the polymer brush behavior in an extremely nanocon-
fined environment. The polymer film exhibits contraction and swelling at quantita-
tive speed by certain charged electrons or holes along the conducting polymer
brush. The remarkable volume change of PPy in such a confined environment makes
this kind of material promising for nanobots as well. The small operation voltages
(0.5 to 0.8 V) and quantitative variation, along with biocompatible materials,
make this membrane promising for smart wearable applications. Our membrane
strategy also provides some inspiration toward advanced separation membranes
on the nanoscale.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Yahong Zhou (zhouyh@mail.ipc.ac.cn).

Materials availability
This study did not generate new unique reagents.

Data and code availability
This study did not generate or analyze datasets or code.

Nanoporous membrane fabrication

The detailed synthetic steps are described in the supplemental information. CPNMs
were embedded in AAO membranes by electrochemical polymerization, during
which the PPy was gradually electropolymerized onto the inner wall of the AAO
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membrane. By adjusting the polymerization time, we obtained a series of CPNMs
with inner diameters ranging from 0 to 96.2 nm (Figures S1-S6).

AFM topography test with electric stimuli

All AFM experiments were performed with a Bruker Dimension ICON SPM in
ScanAsyst-fluid mode (Bruker, Germany). A copper foil, which is the electrode of
the Keithley 6487 picometer, was attached to the membranes with silver conducting
paste. The membranes were immersed in 0.1 M KCl solution during the test process.

lonic transmembrane record

The nanofluidic property of the CPNMs was tested by measuring the ionic current
through the membrane with a redox potential. The current was recorded by a Keith-
ley 6487 picometer (Keithley Instruments, Cleveland, OH). The membrane was
mounted within a two-compartment electrochemical cell as shown in Figure TA.
Ag/AgCl electrodes were used to apply a transmembrane potential, and a copper
foil was used to apply potential as an electric stimulus.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.matt.
2021.11.024.
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Section S1. Chemicals and characterization methods.

All chemicals of analytical grade were purchased from Aladdin Chem Co., Ltd. and used without
further treatment if not specified otherwise. The AAO membranes with thickness of 60 um were
obtained from Hefei Pu-Yuan Nano Technology Ltd, which prior to use were rinsed and
degreased ultrasonically in deionized water, ethanol and acetone, respectively. Doubly distilled
water (> 1.82 MQ cm, MilliQ system) was used. Field emission scanning electron microscopy
(FE-SEM, ZEISS Ultra 55, Germany) and transmission electron microscopy (TEM, JEOL JEM-
2100, Japan) were employed to examine the results at various dimensions. Energy-dispersive
x-ray (EDX, Oxford INCA, Britain) technique was utilized to analyze the chemical composition
of selected region on as-obtained products.



Section S2. Preparation route of CPNMs.

praymg gold electropolvmenzatlon
polypyrrole

Fig. S1. Schematic illustration of preparing CPNMs in AAO membrane. Gold particles were

sputtered on the inner surface of nanopores through AAO membrane. Py monomers migrated
into nanopores and were electropolymerized to PPy, which partly filled the nanopores. In this
way, CPNM embedded in AAO membrane were obtained.

The CPNM was prepared by electrochemical polymerization methods. The small
electrochemical cell included a double-pass AAO membrane (effective area of 110 mmz2) with
gold sputtering (working electrode), copper sheet (counter electrode), saturated calomel
electrode (SCE) (reference electrode) and an electrolyte. The CPNM were obtained through
cyclic voltammetry (0.80 - 0.85 V, 10 mV/S and 10 scanning cycles) at room temperature with
the electrolyte which is a 5 mM B-naphthalenesulfonic acid (NSA) solution containing 50 mM
pyrrole (Py) under the control of electrochemical station, and dried in a vacuum atmosphere.



Section S3. FE-SEM images of AAO membrane and CPNM.

Fig. S2. FE-SEM images of AAO membrane and CPNM. a-d) FE-SEM images of top view
and cross-sectional view of AAO (a and ¢) and CPNM (b and d) obtained by cyclic voltammetry
of 10 cycles. e) EDX element distribution patterns of selected region.

As illustrated in Figure S2a and S2b, AAO membrane possessed a high density of relatively
uniform nanochannel with about 100 nm in diameter and smooth inner wall. Among the 10
cycles (i.e., electropolymerization time) of cyclic voltammetry, the Py monomer was gradually
electropolymerized to PPy along the inner wall of AAO nanopores. As a consequence, Figure
S2c and S2d showed CPNM with 22.8 nm in inner diameter and 1 um in length embedded into
AAO nanopores. Moreover, EDX spectrum (Figure S2e) of selected region clearly indicated the
geographical position and homogeneity of CPNM by the element (Al, C and N) distribution.



Section S4. Tunable diameters of CPNM based on polymerization times.
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Fig. 83. The tunable inner diameters of CPNM based on polymerization times. The plot of
inner diameters of CPNM vs polymerization time. Each data represents the average of at least

five experiments.



Section S5. The relation of the wall thickness of CPNMs with cycle number of cyclic
voltammetry.
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Fig. S4. The relation of the wall thickness of CPNMs with cycle number of cyclic
voltammetry.



Section S6. |-V patterns of CPNMs obtained in various polymerization time and the plot
of conductance vs inner diameters of CPNMs.
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Fig. S5. I-V patterns of CPNMs obtained in various polymerization time (time 1-5 refer to
0, 5, 10, 20 and 30 cycles of cyclic voltammetry). Down: The plot of conductance vs inner
diameters of CPNM and the straight line shows the linear fit of the experimental data.

We also studied the dependence of ion transport through CPNM on electropolymerization time
realized by the cycle number of cyclic voltammetry. By adjusting the cycle number, we obtained
a series of CPNM with inner diameters ranging from 0 nm to 96.2 nm and systematically
investigated the current property of CPNM with different inner diameters. The relation of the
wall thickness of CPNM obtained with different cycle number of cyclic voltammetry also
indicated that the inner diameter of CPNM dropped down with electropolymerization time. The
magnitude of ion current decreased to nearly 0 with the cycle number of cyclic voltammetry
varying from O (i.e., AAO membrane) to 30 cycles. When the CPNM were formed by more than
30 cycles of cyclic voltammetry, the nanochannels with solid inner structure did not allow the



ion transport through them. That was to say, the ion transport could be modulated by
electropolymerization time which affecting the channel space of CPNM. In addition, ion
transport behavior through CPNM constructed in various diameters of AAO nanochannels was

probed with the same electropolymerization time.



Section S7. I-V plots of CPNMs constructed in various diameters of AAO membranes.
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Fig. S6. -V plots of CPNM constructed in various diameters of AAO nanochannels with
the same electro-polymerization time (10 cycles).

The slopes of /-V patterns were increased with the diameters of AAO nanochannels. That was
to say, larger inner diameter (or channel space) of CPNM obtained in larger diameter of AAO
nanochannels offered larger conductance for ionic transport, which was accorded with Figure
4b. In addition, ion transport behavior through CPNM constructed in various diameters of AAO
nanochannels was probed with the same electro-polymerization time (10 cycles).



Section S8. Cyclic voltammogram of CPNMs.
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Fig. S7. Cyclic voltammogram of CPNMs. The oxidation peak is at 120 mV and reduction
peak is at -380 mV.

To ascertain the redox-triggered potentials of CPNMs, cyclic voltammogram of CPNMs was
recorded in pyrrole-free electrolyte including 5 mM B-naphthalenesulfonic acid (NSA). The
oxidation peaks at 120 mV and reduction peaks at -380 mV showed the same absolute values
of current (i.e., X axis of symmetry), indicating good redox reversibility of CPNMs, therefore
providing an intelligent platform with the capacity for switching material.



Section S9. Verification of the open and close states of the CPNMs.

Fig. S8. Verification of the open and close states of the CPNMs. a, b), SEM images with
open structures. The diameters of CPNMs were about 39.7 nm and 0 nm at the open and closed

states. All data were obtained from the CPNMs that are fabricated by 10 cycles of cyclic
voltammetry.



Section S10. Inner diameter distribution of CPNMs in various states.
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Fig. S9. Inner diameter distribution of CPNMs in various states.

The blank AAO membrane possessed pore size of about 100 nm. CPNMs embedded in AAO
membrane showed inner diameters of approximately 22.8 and 45.1 nm in original and open
(switch-on) states, respectively.



Section S11. lonic transmembrane properties of CPNMs in different redox process.
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Fig. $10. lonic conductance of CPNMs in redox process.



Section S12. Reversibility of the gating behavior.
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Fig. S11. The good reversibility of the redox gating process.




Section S13. Theory model of polymer film modulation speed between the charge and
ions.

Fig. S12. Experimental setup: PPy network on the inner surface of AAO pores.
Pore Size Measurement
The experimental setup is shown in Fig. S8. The left figure shows the reduced state (or slightly
oxidized state), corresponding to charge density on the PPy is small. In this case, the PPy
network shrinks and the thickness of the PPy is small. The pore is at the open state. The
thickness of the PPy is D, and the radius of the AAO pore is ;=53 nm. The right figure shows
the swollen state and corresponds to the oxidized and highly charged state. In this case, the
inner radius r is small and the pore is closed.
Since the PPy network is confined at the inside of the AAO pores. Only in the radial direction
the gel can expand. We assume that the area of the cross-section is swollen according to Eq.
(4) in the manuscript.
ng -1 L, (1
2mry Dy ~a

If we assume the charge ratio @ depends on the time duration of the applied oxidization voltage.
The resistance of a cylindrical pore is given by

L (2)
REE @ ka2

Here L is the length of the pore and d is the diameter. We also used Eq. (5) where k is a
constant. The conductance of the whole system is given by
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where R’ is the resistance from other parts in the system. A fit to the measurement value is
shown in Fig. S12.
Fit (oxidized)

0.105869 (4)

1
40 % 40 — 565.7 * T1/2

+ 0.00046

Here the unit of T is min.



Section S14. Conductance of theoretical and experimental data.
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Fig. S13. The theoretical conductance fitting with the experimental data.



Section S15. The electrolyte effect on the conducting polymer nanoporous membrane.
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Fig. S14. The electrolyte effect on the conducting polymer nanoporous membrane. lon
current (a) and ion conductance (b) of the membrane under different types of electrolytes. (c)
The conductance variation while the membrane is applied with redox potential under different
electrolytes.



Section S16. The temperature-dependent current response of the membrane under

open/close state.
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Fig. S15. The temperature-dependent current response of the membrane under open/off
state. (@) lon current of the membrane under different temperature. lon conductance variation

with the changing temperature at open state (b) and off state (c).



Section S17. The electrolyte effect on the conducting polymer nanoporous membrane.
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Fig. S16. The pH effect on the conducting polymer nanoporous membrane. The ion
transmembrane current (a) and conductance (b) of the membrane under different pH value. (c)
The conductance variation while the membrane is applied with redox potential under different
pH.
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