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Abstract: A highly rigid amine-based polymer of intrinsic
microporosity (PIM), prepared by a polymerization reaction
involving the formation of Trçger�s base, is demonstrated to act
as an ionic diode with electrolyte-dependent bistable switchable
states.

Ionic diodes are analogous to the ubiquitous electronic diode
and provide current rectification by the controlled transport
of cations and anions instead of holes and electrons.[1] Such
devices were first predicted and realized in the 1950s using the
hindered mobility in cationic or anionic polymers or through
a dialysis membrane.[2–4] This work was expanded into
chaotic-ion-flux phenomena,[5] the first ionic transistor,[6]

and further ionic rectification systems.[7–11] However, the
potential importance of ionic diodes was recognized recently
with the advent of nanofluidic devices and DNA-sequencing
applications in biological nanopores.[12] To date, the fabrica-
tion of efficient ionic diodes involves a combination of
hydrogel materials and/or complex nanofabrication processes
with the use of composite materials and their methods of
operation are not always fully understood. Hence, there is
a requirement for ionic diodes to be prepared by simple
fabrication techniques using a single well-defined material.

Polymers of intrinsic microporosity (PIMs) are composed
of highly rigid and contorted macromolecules that preclude
efficient packing to generate interconnected free volume.[13–15]

They have been investigated for gas storage,[16] gas separa-
tions,[17–19] and as the active component for optical gas
sensors.[20] Recently, a novel type of PIM was reported
based on the polymerization of rigid aromatic diamine

monomers using a reaction based on the formation of Trçger�s
base (TB).[13] For example, TB polymerization of diamino-
ethanoanthracene provides a highly rigid PIM (PIM-EA-TB;
BET surface area ca. 1000 m2 g�1) with enhanced micro-
porosity and exceptional potential as a gas separation
membrane. Although most studies of PIM have focused on
the selective transport of gases or vapors, PIM-EA-TB has
recently demonstrated potential also as a membrane for
electrocatalysis in which the transport of anions and cations is
facilitated by the polymer�s microporosity.[21, 22] Here we
describe a readily fabricated ionic diode based on PIM-EA-
TB that demonstrates remarkable current rectification effects
and allows the controlled transport of cations and anions by
simple manipulation of the electrolyte properties.

Ionic diode fabrication was achieved by solution-casting
a thin coating of PIM-EA-TB onto a 6 mm thick poly(ethylene
terephthalate) (PET) film through which a single macropore
was drilled by laser irradiation (� 4 mm diameter, Figure 1A).
The PET film was then placed into a two-compartment
voltammetry cell (Figure 1B) in contact with different
electrolyte solutions on each face of the film and a potential
applied across the PIM membrane to measure ion flow.

Cyclic voltammetry and impedance experiments were
performed to assess ion transport in the PIM-EA-TB
(Figure 2). Open circuit impedance characteristics were in
agreement with a simple equivalent circuit based on 1) solu-
tion resistance RS, 2) membrane capacitance C, and 3) macro-
pore resistance RP (see Figure 2B). Whereas the membrane
capacitance (C = 0.8 nF) and the solution resistance (RS =

600 W for 1m NaCl based electrolyte) provide cell-parameters,
the resistance RP describes the macropore resistance due to
restricted ion flow.

A PET film without pore resulted in insignificant current
responses. With a pore, but in the absence of the PIM coating,
the pore resistance is consistent with the electrolyte resistance
within the macropore [Eq. (1)].

R0
P ¼

1
L0

m

L
A
¼ 1

uþF þ u�F
L
A
¼ 38 kW ð1Þ

In this equation the limiting molar conductivity L0
m, which

is obtained from the ionic mobilities u+ and u� for Na+ and
Cl� in water,[23] the pore length L and the macropore cross-
sectional area A, allows the empty macropore resistance to be
estimated to be 38 kW. In the presence of PIM-EA-TB in the
macropore the resistance is increased by an order of
magnitude and becomes characteristically pH-dependent
(see Figure 2B). Below a pH of 5 a significant decrease in
RP is indicative of 1) increased open-circuit mobility of ions
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(e.g. protons) and 2) the onset of swelling (which has been
reported previously to affect the transport in this PIM21) and
which is consistent with BET pore data analysis for NaOH
and HCl treated PIM-EA-TB (see Figure SI1).

Voltammograms recorded under the same experimental
conditions exhibit stable time-independent characteristics
(independent of scan rate over a range of 0.01 to 0.2 V s�1)
with PIM membranes proving reusability several times with-
out loss of performance (they can be soaked in ethanol
overnight). The voltammograms in Figure 2A demonstrate
the polarization characteristics of the PIM membrane. In
alkaline and weakly acidic solution “ohmic slopes” suggest
that migration within the pore is prevalent and ion transport is
potential-driven. Perhaps surprisingly, under slightly more
acidic conditions a plateau effect suggests interfacial transfer
or diffusion limitation rather than migration (ohmic) control
(Figure 2Aiii). The anticipated diffusion-limited current for
chloride anions in water to a 4 mm diameter pore is
approximately[24] Idiffusion = 4nF � D � r � c = 1.5 mA in good
agreement with the observed current at pH 3 (here n = 1 for
the charge transported by Cl� , F is the Faraday constant, D =

2 � 10�9 m2 s�1 is the diffusion coefficient for chloride,[25] r is
the macropore radius, and c is the concentration of chloride).

At pH 3 the plateau current scales with the chloride concen-
tration, confirming this assignment. The additional currents
observed 1) under alkaline conditions and 2) in the pH range
lower than 2 are likely to be associated with additional cation
transport.

Having identified pH-dependent ion transport phenom-
ena for aqueous NaCl electrolyte, symmetric and asymmetric
cells (with different electrolyte solution composition in left
and right half cells) were investigated. Figure 3 shows that
with aqueous 10 mm NaOH present on both sides, a “poten-
tial-driven” current response is observed associated with ion
flow (presumably with contributions from both Na+ and
OH� , see Figure 3) across the pore channel. In contrast, with
aqueous 10 mm HCl on both sides, a diffusion-limited flow of
anions with lower current is observed (Figure 3). Due to
isolated protonation sites of the PIM-EA-TB, cation transport
is believed to be slow and chloride transport dominates in
10 mm HCl. Both, the currents for 10 mm NaOH and the
currents for 10 mm HCl scale approximately linearly with
concentration (see Figure SI2).

For the asymmetric case with 10 mm HCl (left) and 10 mm

NaOH (right) solutions separated by the PIM-EA-TB
membrane, a strong current rectification is observed with
the system acting as an ionic diode with a dramatic change in
current depending on polarization and presence of ions
(Figure 4).[26, 27] This behavior is consistent with a mechanism
in which there is combined flux of Na+ and Cl� in the “open”

Figure 1. A) The molecular structure of PIM-EA-TB and B) the electro-
chemical cell with left and right half-cells filled with electrolyte. C,
D) Scanning electron micrograph of the PET membrane (6 mm thick-
ness) with a single pore (ca. 4 mm diameter) laser-machined into the
center.

Figure 2. A) Cyclic voltammograms (scan rate 0.02 Vs�1) for the PIM-
filled pore immersed in aqueous (a) 0.01, (b) 0.1, and (c) 1 mm HCl in
1m NaCl. B) Equivalent circuit employed for impedance data analysis
(at 0.0 V vs. SCE) and plot of RP (fitting error below 1%; error bars
estimated) at open circuit potential versus pH.
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state and complete loss of conductivity in the “closed” state
(Figure 4). In the “open” state the current scales with the
electrolyte concentration, but in the closed state only a high
resistance is observed. Impedance measurements at + 1 V vs.
SCE for the “open” state suggest RP = 200 MW, whereas in
the “closed” state at�1 V vs. SCE the resistance is too high to
measure. The latter can be explained by the formation of
a neutral depletion layer due to the reaction between H+ and
OH� . Only the current in the “open” state is concentration-
dependent (see Figure SI3).

Evidence for a molecular scale depletion zone can be
obtained from exploring the effects of additives into the
alkaline aqueous phase. The addition of 1 mm NaNO3,
Na2SO4, or Na3PO4 into the 10 mm NaOH electrolyte causes
only insignificant changes in ionic diode behavior. However,
a larger polyphosphate anion such as phytate[28] (inositol
hexaphosphate, see Figure 5) causes a significant change in
behavior in the “closed” state. Figure 5A shows a multicycle
voltammogram, in which after an initial low current region
(from 0.0 to 0.5 V vs. SCE) a switch to “open” occurs at 0.7 V
vs. SCE. Perhaps surprisingly, the state of the ionic diode
remains open until the potential is scanned into the negative
potential range to “reset” the metastable diode. This effect
can be employed in chronoamperometry mode (see Fig-
ure 5B) to repeatedly switch the ionic diode employing + 2 V
vs. SCE to switch “on” and �2 V vs. SCE to switch “off” with
read-out at 0.25 V vs. SCE. These data also reveal a time-
dependence in the switching process (here 120 s for switching
pulses was employed with shorter pulses less than 10 s being
ineffective) and currents in the “on” state showing a drift even
after 180 s. The molecular level reasons for the slow switching

and the current drift are currently unknown. Initially, the
large polyphosphate anions may be able to “bridge” a narrow
depletion zone and so allow some limited ion flow. The
“switching potential” is phytate-concentration-dependent
with lower concentrations moving the switching potential to
higher potentials (see Figure SI4). In the future, this phenom-
enon will allow the effects of molecular structure (e.g. of
different types of biological polyphosphates) to be assessed
and ultimately exploited in analytical devices.

It has been shown that the microporous polyamine PIM-
EA-TB possesses the ability to switch from protonated anion-
conducting to neutral anion/cation-conducting behavior. The
suppressed proton conductivity, attributed to isolated amine
sites and exceptional chain rigidity of the polymer, appears to
be responsible for the generation of an ionic diode, in which
a highly resistive state is switched into a highly conductive
state by reversing the externally applied potential. This ionic
diode is fabricated without employing complex hydrogel
interfaces or nanomachining of conical nanopores. Metasta-
ble behavior can be induced into the highly resistive state of
the diode, for example by phytate polyanions. Due to the
direct access to well-defined PIM materials by polymer
synthesis (no cross-linking, no nanofabrication) further struc-
tural variation and ion site content optimization will allow the
performance of ionic diodes to be tailored toward applica-
tions as sensors and ionic current devices in membranes.

Figure 3. Experimental voltammograms (scan rate 0.02 Vs�1) in
10 mm NaOH (left)–10 mm NaOH (right) and in 10 mm HCl (left)–
10 mm HCl (right). Schematic drawings are shown to illustrate the
associated mechanisms.

Figure 4. Experimental voltammograms (scan rate 0.02 Vs�1) in
10 mm HCl (left)–10 mm NaOH (right) and in 10 mm NaOH (left)–
10 mm HCl (right). Schematic drawings are shown to illustrate the
associated mechanisms.
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Experimental Section
Chemical Reagents. Polymer PIM-EA-TB was prepared following
a literature procedure.[13] Hydrochloric acid (30%), NaOH, chloro-
form, phytic acid, and phosphoric acid (85%) were obtained from
Aldrich or Fisher Scientific and used without further purification.
Solutions were prepared with filtered/deionized water of resistivity
18.2 MWcm from a Thermo Scientific water purification system
(Barnstead Nanopure).

Instrumentation. An Autolab potentiostat system (PGSTAT12,
EcoChemie, The Netherlands) was employed with Pt wires as
counter/working electrodes, and two KCl-saturated calomel reference
electrodes (SCE, Radiometer, Copenhagen). Data were recorded
with GPES software.

For BET measurements (on a Quantachrome Autosorb-1), each
sample was degassed under vacuum at 120 8C until the no further
degassing was observed. Using Nitrogen as the adsorbate gas at 77 K,
an 80 point physisorption analysis was undertaken and the data
analyzed by the DFT method (N2 at 77 K, cylindrical pore, NLDFT
equilibrium model). The surface area of the samples was calculated
with the BET method using a 80-point analysis.

For membrane measurements, the PIM-EA-TB polymer was
dissolved into chloroform (1 mgcm�3) by ultrasonication for 15 min
and applied to a PET film with ca. 4 mm diameter holes (supplied by
Laser Micromachining Limited, St. Asaph, Denbighshire LL17 0JG,
UK).
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