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ARTICLE INFO ABSTRACT

Keywords: Intrinsically microporous polyamines (PIM-EA-TB) provide tertiary amine binding sites for protons and in this
Tonics way allow switching/gating from a low ionic conductivity state to semipermeable anion conductivity through
Membrane micropores. In ethanolic NaClO4 media ionic conductivity in PIM-EA-TB films (approx. 10 pm thick; deposited
Solvent asymmetrically onto a 10 pm diameter microhole in 5 pm thick Teflon) is lowered by ion exclusion compared
:;:il;::gz: to conductivity observed in aqueous environments. However, in the presence of protons in ethanol PIM-EA-TB
Electroosmosis films are shown to switch from essentially insulating to anionic diode behaviour. Similar observations are

reported for Cu®>* but not for other types of cations such as Na*, K*, Mg?* (all as perchlorate salts).
Binding constants are evaluated, and protonation is identified to cause gating for both H* and Cu®*. Both
chemical and electrochemical gating/switching is demonstrated by placing a platinum electrode close to the
PIM-EA-TB film and applying positive or negative bias to locally generate acid/base.

1. Introduction

Ionic diode phenomena are often associated with electrolyte trans-
port in asymmetric nanopore and nanochannel systems [1-4], but are
also commonly found for asymmetric microscale devices [5] including
ionomer-coated microholes [5]. Generally, the ionic diode effect is
linked to an applied bias potential triggering an asymmetric change
in impedance linked, for example, to the distribution of charges. The
observation of rectified ion transport has been linked to the associated
rectified electroosmotic transport of water solvent molecules [6,7] and
other small guest molecules such as caffeic acid [8]. Most studies to
date have addressed behaviour of ionic diodes in aqueous media with
applications for example in desalination [9,10], in energy conversion
[11], or in sensing [12-14]. Current gating, for example with applied
potentials or with ionic species, has been reported in nanopores and in
nanochannels [15,16]. Recently, the effects of organic solvent environ-
ments on ion transport and on ionic diode effects in nanopores has
been investigated for track-etch membranes [17]. Although aqueous
media represent the obvious choice for applications of ionic rectifiers,
there are interesting phenomena linked to ionic diode systems also in
organic solvent systems. In this report the properties of intrinsically
microporous PIM-EA-TB based ionic diodes [18] (PIM = polymer of
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intrinsic microporosity; EA = ethanoanthracene; TB = Troger base;
see molecular structure in Fig. 1) are investigated for chemical/elec-
trochemical gating in ethanol environments.

Polymers of intrinsic microporosity (or PIMs [19,20]) can be
employed in ionic rectifiers when charges are attached to the back-
bone of the polymer to create semipermeability and ion conducting
channels. For PIM-EA-TB [21] the typical pore size is 1 nm and tertiary
amine sites in the molecularly rigid structure have been shown to
undergo protonation at approx. pH 4 in aqueous media [22]. The pro-
tonated PIM-EA-TB acts as a rigid and porous anion conductor. An
asymmetric film deposit on a substrate with microhole leads to anionic
diode characteristics [23]. Fig. 1A illustrates the four-electrode mea-
surement system and Fig. 1B explains the phenomenon of electrolyte
depletion (closed state) and accumulation (open state) that are respon-
sible for a change in resistivity when changing the polarity of the
applied voltage [24]. Anionic diodes are open with negative applied
bias as long as the PIM-EA-TB film deposit faces the working electrode
(Fig. 1A).

There is now considerable interest in ionic transport in PIM mem-
branes [25] (even if these materials have originally been conceived for
gas phase applications [26]). For applications of PIMs in redox flow
cells [27] and in batteries [28] ion transport and organic solvents

Received 31 May 2022; Received in revised form 26 July 2022; Accepted 25 August 2022

Available online 29 August 2022
1572-6657/© 2022 The Author(s). Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jelechem.2022.116751&domain=pdf
https://doi.org/10.1016/j.jelechem.2022.116751
http://creativecommons.org/licenses/by/4.0/
mailto:f.marken@bath.ac.uk
https://doi.org/10.1016/j.jelechem.2022.116751
http://www.sciencedirect.com/science/journal/15726657
http://www.elsevier.com/locate/jelechem

Z. Li et al

WE

(A) CI%%RE SE

left

Journal of Electroanalytical Chemistry 922 (2022) 116751

© closed @
(B) -.
- ==
teflon depleton —_~7 *
substrate -
T > e
@ _open O

+> - -

accumulatlon *" ‘_ +
\ =
+ at

? | .

+ mobile cations
—mobile anions

protonated
PIM-EA-TB

Fig. 1. (A) Four-electrode measurement configuration with PIM-EA-TB-coated microhole substrate. (B) Illustration of the mechanism resulting in electrolyte

depletion and accumulation in anionic diodes.

are crucial. Here, PIM-EA-TB is investigated in ethanolic electrolyte
media. In contrast to previous observations in aqueous media, the less
polar ethanolic environment causes a more dramatic switching from
ionic insulator to ionic diode due to protonation of PIM-EA-TB. The
behaviour of HCIO,, LiClO4, NaClO4, Mg(ClO4),, and Cu(ClOy4), are
reported and shown to be dominated by protonation effects.

2. Experimental
2.1. Reagents

The polymer PIM-EA-TB was synthesised with approx. 70 Kp
molecular weight following a literature method [21]. NaClO4
(>98.0 %), LiClO4 (>95.0 %) and chloroform were purchased from
Sigma-Aldrich. HClO, (ACS reagent) was purchased from Honeywell.
Mg(ClO,), (>80 %) was purchased from BDH Limited. Cu(ClO,4),
(98 %) was purchased from Thermo Scientific. Agarose powder was
purchased from Melford 1td. All chemicals were utilised as received
without further purification. Ethanol (EtOH) solutions were prepared
with absolute ethanol from VWR Chemicals BDH (99.97 %). Aqueous
solutions were prepared with filtered ultra-pure water (resistiv-
ity > 18.2 MQ cm at 20 °C) from a Thermo Scientific water purification
system.

2.2. Instrumentation

Electrochemical measurements were performed on a program-con-
trolled potentiostat (Metrohm 1td Autolab PGSTAT30) for cyclic
voltammetry and chronoamperometry or a Solartron Analytical Modu-
Lab XM MTS system for electrochemical impedance spectroscopy,
either in a four-electrode configuration (working, sense, counter, and
reference electrodes, Fig. 2A), or in a five-electrode configuration
(with a secondary working electrode, Fig. 2B). The electrochemical
cell was constructed with two cylindrical cells separated by a Teflon
substrate (5 um thick). The substrate was laser-drilled with a micro-
hole of 10 ym diameter (Laser Micromachining 1td, UK) and asymmet-
rically coated with a PIM-EA-TB membrane. Carbon rods (1 mm
diameter) were applied as working and counter electrodes, and silver
wires (0.5 mm diameter) served as quasi-sense and quasi-reference
electrodes. A 3 mm platinum disk electrode (BASi Research Products,

UK) was used as the secondary working electrode. Scanning electron
microscopy and energy-dispersive X-ray spectroscopy were performed
on a Hitachi SU390 with attached Oxford Instruments Ultim Max
170 mm? EDX detector.

2.3. Procedure: Preparing PIM-EA-TB films on Teflon Substrates

A laser-drilled Teflon substrate (5 pm thick. Laser Machining ltd,
UK) was placed onto a glass substrate coated with a thin layer of
1 % wt. agarose gel (to prevent the coating solution from penetrating
through the microhole [29]). A volume of 10 pL of 3 mg/mL solution
of PIM-EA-TB in chloroform was drop-casted onto one side of the sub-
strate. After evaporation, a uniform membrane coating was formed
over the microhole region, with a thickness estimated to be typically
10 = 5 um [23]. The Teflon substrate was then assembled between
two flanges into an electrochemical cell (Fig. 2).

3. Results and discussion
3.1. PIM-EA-TB ionic transport behaviour: Water versus ethanol

Most ion transport studies with PIM-EA-TB films to date have been
carried out in aqueous electrolyte media. The PIM-EA-TB film has been
shown to be protonated at approx. pH 4 [22] to give an anion-conduct-
ing microporous material. PIM-EA-TB remains uncharged at neutral
pH. As a result, for ionic currents to flow, individual ions or ion pairs
(anions and cations) need to diffuse simultaneously into the microp-
orous film to create appreciable ion conductivity. The effects of the sol-
vent on the PIM-EA-TB membrane conductivity properties have not
been previously assessed. Here, ionic conductivity for water and for
ethanol solvents are contrasted.

Fig. 3 shows cyclic voltammetry data for a solution of 10 mM
NaClO, in water (placed into both compartments left and right of
the membrane) and data for 10 mM NaClO, in ethanol. In Fig. 3A data
for the empty microhole are shown and in Fig. 3B data for the PIM-EA-
TB deposit are shown. In the absence of PIM-EA-TB Ohmic behaviour
is observed with conductivity 560 nS for aqueous 10 mM NaClO4 and
187 nS for ethanolic 10 mM NaClO,. In the presence of PIM-EA-TB the
current-voltage curve slopes at zero current are 57 nS for water and 4
nS for ethanol, clearly indicating a substantial change in ion
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Fig. 2. (A) Illustration of the four-electrode system with working electrode (WE) and counter electrode (CE) carbon rods and reference electrode (RE) and sense
electrode (SE) silver rods. (B) Five-electrode configuration with a second working electrode (a 3 mm diameter platinum disk) located close to the PIM-EA-TB

membrane.
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Fig. 3. Cyclic voltammograms (4-electrode configuration, scan rate 0.2 V s~ 1 for (A) no deposit and (B) a PIM-EA-TB film deposit on 5 pm thick Teflon substrate
with 10 pm diameter microhole immersed in 10 mM NaClO, in water or in ethanol. A dashed line indicates zero-current conductivity.

conductivity across the membrane when introducing PIM-EA-TB and
when changing the solvent.

Generally, effects on conductivity are linked to both the solvent and
the electrolyte properties. Bulk solution conductivity data (at 25 °C
[30]) for NaClO,4 suggest thatly,. = 50.1 cm? S mol ™! in water and
20.3 cm® S mol ™! in ethanol and Ago,- = 67.4 cm? S mol ™! in water
and 30.5 cm? S mol ! in ethanol. This change in conductivity is associ-
ated with both changes in hydrodynamic radii and changes in viscosity.
Walden’s rule suggests A3, x n = constant with the limiting single-ion
conductivity 43, and the dynamic viscosity . Viscosity values (at 25 °
C) for water 0.89 mPa s and for ethanol 1.1 mPa s would suggest a rel-
ative decrease in conductivity in ethanol of about 20 % (taking only vis-
cosity into account). But the limiting single ion conductivity values from
literature suggest a 60 % to 55 % decrease for Na* and ClOj, respec-
tively. This more substantial change is therefore likely to be dominated
by the solvent shell increasing the hydrodynamic diameter of ions in
ethanol and/or an increased tendency towards ion pairing. The experi-
mental value for an open microhole in Fig. 3A suggests a 66 % decrease
in conductivity consistent with limiting ion conductivity data.

Both viscosity and ion conductivity cannot explain the experimental
data for the PIM-EA-TB film (Fig. 3B). The experimental values for

conductivity through the PIM-EA-TB coated microhole estimated at zero
current as 4 nS for ethanol and 57 nS for water (see Fig. 3B) suggest a
more dramatic change linked to the microporous polymer. It is possible
that in ethanol the population of ions (and ion pairs) in the PIM-EA-TB
remains lower probably due to size exclusion of solvated ions/ion pairs.
Therefore, the ionic conductivity of PIM-EA-TB in ethanol is much lower
in contrast to that in aqueous solution. Perhaps interestingly, the ion cur-
rents in water increase in a non-linear fashion with applied potential
(probably due to additional ion populations getting dragged by the elec-
tric field into the microporous structure). A similar effect was not
observed in ethanol (within the potential range explored here). In etha-
nol, PIM-EA-TB essentially behaves Ohmic and remains more insulating
even with applied bias potentials. The effect of the electrolyte cation on
conductivity in PIM-EA-TB will be investigated next.

3.2. PIM-EA-TB ionic diode behaviour in ethanol I.: Survey of cations

Fig. 4 shows data for cyclic voltammetry experiments conducted in
4-electrode configuration with solutions containing ClO; anions and a
range of different cations in ethanol. In the presence of Na*, Li*, and
Mg?* cations predominantly resistive behaviour is observed with a
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Fig. 4. Cyclic voltammograms (4-electrode configuration, scan rate 0.2 Vs~ 1) for ethanol solutions of (i) 10 mM NaClO4, (ii) 10 mM LiClO4, (iii) 5 mM Mg(ClO,),,
(iv) 5 mM Cu(ClO4),, and (v) 10 mM HCIO,4 employing (A) a +/-1V potential window, (B) a +/-2V potential window, (C) a + /-4V potential window. (D)
Ilustration of ionic diode mechanism. (E) Chronoamperometry data for +/-4V potential pulses.

low rate of permeation of ions. However, for H* and Cu®* the cur-
rent-voltage curve changes characteristically with a high current at
negative applied potentials and a still significant current for positive
applied potentials. This asymmetry or diode effect has been explained
with ion accumulation and depletion in the mircrohole region (see
Fig. 1B). Similar observations are made within a potential window
of +/—1 V (Fig. 4A), +/—2 V (Fig. 4B), and +/—4 V (Fig. 4C).
The observed “over-voltage” of approx. 0.1 V positive or negative of
0.0 V can be understood as the voltage requirement for the concentra-
tion polarisation effect within the microhole to develop.

Both H* and Cu®* cations seem to be able to interact with PIM-EA-
TB most likely by modifying the tertiary amine functional groups in
the PIM-EA-TB to give anion conducting microporous structures. A
population of immobile cations in the microporous host structure is
formed associated with mobile counter anions and semi-permeability
due to anion transport. Anion transport under negative bias will force
electrolyte into the microhole region causing a higher conductivity
and the “open” diode state. In contrast, a positive bias will cause anion
extraction from the microhole region or depletion (Fig. 4D).

When widening the potential window to +/—2V and +/—4V
trends continue. A change in the slope of the current-voltage curve
at approximately +/— 2V can be attributed to over-limiting conditions
and the onset of interfacial convection [31]. Chronoamperometry data
(Fig. 4E) confirm the diode behaviour in the presence of H* and cu?®*
and show that the switching time for the diode is typically 2 s. The

effects for H* and Cu®>* can be recognised as chemical gating whereby
a chemical reagent causes the ionic diode effect to develop.

The effect of HCIO,4 protonation of the PIM-EA-TB is expected and
can be seen in qualitative energy-dispersive X-ray mapping. Fig. 5
shows data for PIM-EA-TB being seen through the microhole with both
Cl and O elemental maps revealing the protonation. The same experi-
ment for untreated PIM-EA-TB does not show Cl or O (in Fig. 6) con-
firming the result.

In order to further explore binding of ions to PIM-EA-TB, EDX data
were obtained for a thin film of PIM-EA-TB (30 pL of 2 mg/mL PIM-EA-
TB in chloroform solution drop-casted onto a Teflon substrate to give a
film of approx. 2 pm thickness) exposed to ethanolic electrolyte solu-
tion (15 min in 10 mM NaClO,4, 10 mM LiClO4, 5 mM Mg(ClO,).,
10 mM HCIO4, or 5 mM Cu(ClO,4)5). Samples were rinsed with pure
ethanol and dried prior to EDX analysis. Data are summarised in
Table 1.

From EDX data it is apparent that protonation occurs in ethanolic
HCIO,4. The presence of ClO; can be linked to the detection of Cl.
The CI/N atomic % ratio is 5.3 (in pure PIM-EA-TB CI/N is 0.0) sug-
gesting that approx. 20 % of the nitrogen atoms in PIM-EA-TB are pro-
tonated. As expected (from voltammetric data), there is essentially no
perchlorate present for samples after exposure to NaClO,4, LiClO,4, and
Mg(ClO,4),. However, for Cu(ClO,4), solution, only a trace of Cu is
observed, but still the Cl/N atomic % ratio is 0.07 suggesting substan-
tial protonation of PIM-EA-TB. Therefore, the hypothesis for Cu®*
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Fig. 6. Scanning electron microscopy (SEM) image of the Teflon substrate with PIM-EA-TB (without HCIO, treatment) visible through the 10 pm diameter
microhole. (A) SEM image and elemental maps for (B) F, (C) C, (D) O, (E) N, and (F) CL

reactivity in ethanol has to be based on formation of an acidic Cu®*
complex and protonation of PIM-EA-TB as the main mechanism for
ionic diode formation. Next, the case of Cu®™ is investigated in more
detail.

3.3. PIM-EA-TB ionic diode behaviour in ethanol II.: Chemical gating with
et

Data in Fig. 4 clearly show that Cu®>" cations are able to cause
bound positive charges in the PIM-EA-TB membrane material resulting
in diode-like behaviour. The availability of amine sites in the polymer

backbone is likely to lead to an interactions and binding of protons
(rather than direct binding of Cu®™, vide supra). In order to explore this
interaction, the effect of Cu?® ethanolic concentration was
investigated.

In a solution of 10 mM NaClO, the conductivity of the PIM-EA-TB
film is low. When adding 5 mM Cu(ClO4), (on both sides), a gradual
change in the cyclic voltammograms happens (over several potential
cycles) associated with an increase in conductivity. Fig. 7A shows data
for 20 consecutive potential cycles. The anionic diode behaviour is
clearly observed but currents are only slowly increasing with time.
Based on EDX data, the process responsible for this effect is PIM-EA-



Z. Li et al

Table 1

Journal of Electroanalytical Chemistry 922 (2022) 116751

EDX data (atomic %) for PIM-EA-TB films on Teflon exposed (15 min) to 10 mM NaClOy4, 10 mM LiClO4, 5 mM Mg(ClO4),, 10 mM HClO4, or 5 mM Cu(ClO,4), and

rinsed with ethanol prior to analysis.

Element EtOH solution cation

Na* Li* Mg+ H* Ccu**
C 63.31 54.88 64.30 55.95 68.23
N 4.82 3.24 6.78 4.61 6.05
[0} 0.78 0.58 1.79 6.02 3.34
F 31.06 41.26 27.06 32.54 21.88
Cl 0.01 0.01 0.07 0.87 0.41
Na - - - - -
Mg - - - - -
Cu - - - - 0.03
CI/N ratio 0.002 0.003 0.01 0.19 0.07

TB protonation with the Cu®>* complex acting as a weak homogeneous
acid in ethanol. Transport of protons into the PIM-EA-TB film appears
to be slow. The dissociation of the acidic Cu?>* complex may be weak
leading to a low proton level and therefore slow/gradual protonation
of the porous polymer. The presence of further reaction intermediates
(for example Cu(Il) complexes permeating into the PIM-EA-TB film)
cannot be ruled out.

When varying the concentration of Cu®*, a pattern of reactivity
correlated to Cu®* concentration emerges. Fig. 7B shows that the anio-
nic diode effect increases with Cu®>* concentration. Fig. 7C shows the
corresponding chronoamperometry data with anionic diode effects in
the presence of Cu®*. Fig. 7D shows the rectification ratio (at +/
— 1V reaching almost 4) as a function of Cu?* concentration. A switch
occurs at about 10™* M Cu®>* with a plateau (or maximum) being
reached at 10> M Cu?".

In order to quantify the binding of positive charges into PIM-EA-TB,
the concentration of ethanolic Cu?>* was varied and the zero current
conductivity evaluated from cyclic voltammetry data. Fig. 7E shows
the transition associated with the binding of positive charges. The data
points fit a Langmuir binding isotherm with approx. K = 2000 (+40)
mol ™! dm® (corresponding to a concentration at half coverage of
0.5 mM Cu®*). The most likely mechanism for this binding process
is protonation of the tertiary amine groups in PIM-EA-TB (vide infra).
A simple pH paper test comparing ethanolic solutions of 10 mM
NaClOy4, Cu(ClO4),, and HClO, suggests that there is acid in the
Cu®" solution (Fig. 7).

It is interesting to attempt reverting the state of the PIM-EA-TB film
back to low conductivity. When changing the solution phase from
5 mM Cu(ClO4), in 10 mM NaClO, to pure ethanolic NaClOy, the anio-
nic diode characteristics persist, although a partial decay in diode cur-
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Fig. 7. (A) Cyclic voltammograms (four-electrode configuration, scan rate 0.2 Vs~ 1) for a PIM-EA-TB membrane immersed in 5 mM Cu(ClO,), in ethanolic 10 mM
NaClO,. Potential scans 1, 4, 7, 10, 15, and 20 demonstrate the gradual development of ionic diode character. (B) Cyclic voltammograms for fully equilibrated
membranes for (i) 0, (ii) 0.1, (iii) 1, and (iv) 5 mM Cu(ClO4), in 10 mM NaClO,. (C) Chronoamperometry data (switching between —1 V and + 1 V) for (i) 0, (ii)
0.1, (iii) 1, and (iv) 5 mM Cu(ClO,), in 10 mM NaClO,. (D) Plot of rectification ratio from chronoamperometry versus Cu>* concentration. (E) Langmuir plot for
zero-current conductivity (from cyclic voltammograms) versus Cu®>* concentration. Also shown is a photograph of pH paper colour responses to 10 mM NaClOy,

Cu(ClOy4),, and HCIO,4 in ethanol.
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rents is observed (not shown). The modification/protonation of the
PIM-EA-TB film appears to be not reversed in the absence of Cu?™*. Fur-
ther insight into these processes in the PIM-EA-TB will be obtained in
the next section.

3.4. PIM-EA-TB ionic diode behaviour in ethanol III.: Chemical gating with
protons

Proton binding into PIM-EA-TB occurs rapidly when adding HCIO,4
into ethanolic 10 mM NaClO,. Fig. 8A shows cyclic voltammograms
obtained as a function of HCIO,4 concentration. In the absence of acid
(only 10 mM NaClO, present) highly insulating behaviour is observed.
Then, with addition of acid (into both sides), positive and negative
applied potentials cause current with asymmetry clearly revealing
ionic diode behaviour (consistent with anionic diode behaviour
[32]). Perhaps interestingly, when switching the solution back from
10 mM HClO,4 (with 10 mM NaClO,) to pure 10 mM NaClOy,, the pro-
tonation persists. Fig. 8Aiv shows some decay of the current, but clear
ionic diode behaviour persists even after 24 h. This observation is con-
sistent with that for the Cu®>* case and indicative of persisting proto-
nation in ethanolic electrolyte. In other words, in order to switch the
PIM-EA-TB back into the original unprotonated state, the addition of
base is required for the deprotonation.

The ionic diode effect can be expressed in terms of the rectification
current ratio I(open diode) / I(closed diode). A plot of the rectification
ratio in Fig. 8C based on chronoamperometry data in Fig. 6B shows a
transition at approx. 1 mM HClO,. In order to quantify the proton
binding, a Langmuir isotherm plot is constructed based on zero current
conductivity data (from cyclic voltammetry data). Fig. 9D shows a

Journal of Electroanalytical Chemistry 922 (2022) 116751

well-defined protonation process with K = 1971 (*40) moltdm®
(corresponding of a concentration of half coverage of 0.51 mM H™).
This result is indistinguishable from that observed in the presence of
Cu®" (see Fig. 7E) and therefore strong evidence for protons to be
involved in both cases. The protonation is confirmed with EDX data
(see Table 2 and Fig. 8E). A mismatch of atomic % data in Fig. 8E
and the zero current conductivity data in Fig. 8D can be explained with
the effect of sample rinsing in pure ethanol leading to some loss and a
less quantitative result for EDX.

With chemical gating of ionic diode behaviour demonstrated it is
interesting to explore electrochemical gating without the need to add
reagents or salts. A platinum electrode can be employed to locally pro-
duce protons (positive bias) or base (negative bias) to allow switching
from insulator to ionic diode and back.

3.5. PIM-EA-TB ionic diode behaviour in ethanol IV.: Electrochemical
gating with protons

Data shown in Fig. 8 represent the case of addition of HCIO4 on
both sides of the PIM-EA-TB film. In Fig. 9 two data sets are presented
for (i) addition of acid into the counter electrode compartment (left)
and (ii) addition of acid into the working electrode compartment
(right). With the PIM-EA-TB film being located on the working elec-
trode side (right), the effects introduced by the acid are very different
to those on the counter electrode side. On the working electrode side,
even with 7 mM HCIO,, the diode effect is not obvious and there is evi-
dence for hysteresis in the data suggesting that the level of protonation
may change upon cycling the potential (Fig. 9E). In contrast, with
HClO,4 addition into the counter electrode compartment, well-defined
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Fig. 8. (A) Cyclic voltammograms (four-electrode configuration, scan rate 0.2 V s~ 1) for PIM-EA-TBon a 10 pm diameter microhole substrate in 10 mM NaClO,4 in
ethanol with (i) 0.0, (ii) 0.1, (iii) 10 mM HCIO,. In (iv) the PIM-EA-TB was returned from 10 to 0 mM HCIO, and left over night. (B) chronoamperometry data for
10 mM NaClO, with 10 mM HCIO, in ethanol with (i) 1, (ii) 2, (iii) 3, (iv) 4, and (v) 5 V potential steps. (C) Rectification ratio data from chronoamperometry at
+ /-1 V. (D) Langmuir plot for zero current conductivity versus logarithm of proton concentration. (E) Plot of Cl/N atomic ratio from EDX data versus logarithm of

proton concentration.
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Table 2

EDX data (atomic %) for PIM-EA-TB films on Teflon exposed (15 min) to 10 mM NaClO,4 containing HCIO4 and rinsed with ethanol prior to analysis.
log[H™"1] EDX map sum spectrum: Atomic % CI/N ratio

C N o F Cl

-2 76.5 8.9 11.8 0.39 2.34 0.263
—2.52 84 10.1 4.61 0.56 0.73 0.073
-3 85.8 9.71 3.86 0.13 0.39 0.040
—3.52 88.5 8.38 2.38 0.42 0.29 0.035
-3.3 85.1 11.2 2.8 0.6 0.3 0.027
-3.15 87.3 8.56 3.42 0.37 0.28 0.033
-4 86.5 9.95 2.82 0.53 0.12 0.012
-5 86.4 8.14 3.62 1.59 0.12 0.015
-6 89.6 8.98 1.08 0.21 0.08 0.009

ionic diode effects are observed with a “half protonation point” at
approx. 0.3 mM HCIO, (which is not dissimilar to the value in
Fig. 8D). Protonation of the PIM-EA-TB directly in the microhole
region (counter electrode side) appears to be more effective when
compared to protonation of the PIM-EA-TB from the opposite (working
electrode) side.

The effect of protons is highest in the counter electrode compart-
ment. Therefore, a platinum electrode can be employed (using a sec-
ond working electrode and a bipotentiostat) to produce protons
locally at the location of the PIM-EA-TB membrane in this compart-
ment. Fig. 10B illustrates the experimental approach with a platinum
electrode approx. 0.5 mm away from the PIM-EA-TB film. Fig. 10A
shows cyclic voltammetry data for (i) the initial state of the film in
10 mM NaClO, in ethanol. After applying a 1.75 V vs Ag fixed bias
voltage to the secondary working electrode over a period of 400 s
(an anodic current of 60 pA is observed; during 10 potential cycles
employing the cyclic voltammetry mode) protons are generated and
the cyclic voltammogram changes to that of an ionic diode
(Fig. 10Aii). The diode state persists with the secondary working elec-
trode turned off. Only when a negative bias is applied to the platinum
electrode (400 s at —1.75 V vs Ag; cathodic current —10 pA) can the
PIM-EA-TB film be reverted to the insulating state (Fig. 10Aiii).

Chronoamperometry data confirm the protonation and deprotona-
tion due to electrochemical gating. Fig. 10C shows chronoamperome-
try results for the initial state (i), the protonated state (ii), and the
deprotonated state (iii). Impedance methods can be employed to char-
acterise the behaviour of the PIM-EA-TB film with/without protona-
tion. Fig. 10D shows typical Nyquist plots for PIM-EA-TB immersed
in 10 mM NaClO, in ethanol. A 4-electrode configuration is employed
and the semicircle represents the capacitance of the Teflon film (typi-
cally 0.6 nF; at high frequency conductivity due to the capacitor pre-
vails; data summarised in Table 3) with a series resistance due to the
electrolyte solution and contacts (R1). The parallel resistance R2 is
associated with the microhole region conductivity and with the PIM-
EA-TB film deposit (R2, dominated by the PIM-EA-TB and the micro-
hole region in the Teflon [33]).

Dataset (i) describes the initial state of the PIM-EA-TB film. When
protons are generated at the secondary working electrode, protonation
of the PIM-EA-TB occurs, and the conductivity increases. In dataset (ii)
the value for R2 changes by an order of magnitude. In dataset (iii) the
deprotonation can be seen to revert the value for R2 to less conductive.

For the case of the protonated state, a further low frequency “tail”
is produced due to the ionic diode switching between open and closed
states. There are several time constants associated with (i) the
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Fig. 10. (A) Cyclic voltammograms (four-electrode configuration, scan rate 0.2 V s~ ') for PIM-EA-TB on a 10 ym diameter microhole substrate in 10 mM NaClO,
in ethanol with a 3 mm diameter Pt electrode placed into the counter electrode compartment: (i) initial voltammogram,; (ii) after 400 s 1.75 V vs Ag fixed applied
potential to switch to the on state; (iii) after 400 s —1.75 V vs Ag fixed applied to switch the diode back to the off state. (B) Illustration and photograph of the
experiment. (C) Chronoamperometry data (—1/+1 V vs Ag) going from (i) initial state to (ii) on state (180 s 1.75 V vs Ag) and (iii) to off state (180 s —1.75V vs
Ag). (D) Impedance spectroscopy data (frequency range from 100 KHz to 0.1 Hz; bias potential 0.0 V vs Ag; amplitude 0.1 V; Nyquist plots) going from (i) initial
state to (ii) on state (180 s 1.75 V vs Ag) and (iii) to off state (180 s —1.75 V vs Ag). Semicircle summit frequencies and time constants t = (27cf)_1 indicated.

Table 3

Summary of impedance data (frequency range from 100 KHz to 0.1 Hz; bias
potential 0.0 V vs Ag; amplitude 0.1 V) going from (i) initial state to (ii) on state
(180 s 1.75 V vs Ag) and (iii) to off state (180 s —1.75 V vs Ag). The semi-
circular feature was fitted with an R;[R,C1] circuit (fitting errors in brackets).
The time constant for ion transport was obtained from t = R2 X C1.

R1/KQ C1/nF R2/MQ /s
(i) OFF 9.5 (<3%) 0.59 (<2%) 46.1 (<2%) 0.028
(ii) ON 9.3 (<4%) 0.56 (<2%) 12.3 (<3%) 0.008
(iii) OFF 10.2 (<3%) 0.56 (<2%) 54.9 (<3%) 0.033

charging of the Teflon film via R1 (typically 10 microseconds), (ii) the
onset of ion flow through the microhole (typically 0.01 s), and (iii) the
switching of the diode state between open and closed states (typically
0.8 s). The much slower diode switching time constant is in agreement
with chronoamperometry data (Fig. 10C) and with literature values
[31]. Physically, the switching time is associated with the migration-
diffusion of anions and cations into/out of the microhole space (see
Fig. 1B).

4. Conclusions

Ionic diode behaviour has been demonstrated for PIM-EA-TB as a
microporous polyamine immersed in ethanol solutions of various per-
chlorate salts. In contrast to similar processes in aqueous media, the
background level ion transport for 10 mM NaClO, through the neutral
PIM-EA-TB film remains very low (probably due to better ion/size
exclusion in ethanol) even with applied voltages. Only when charges

are attached to the polymer via protonation of the tertiary amine sites,
anion transport and improved conductivity are observed.

The asymmetrically deposited film of PIM-EA-TB on a Teflon film
with 10 pm diameter microhole allows ionic diode/rectification beha-
viour to be observed. An anionic diode is observed due to predominant
anion transport in the protonated film. When exploring reactivity of a
range of cations, Cu>* stands out as being able to trigger anionic diode
behaviour. This has been shown to be linked to formation of acidic
protons and protonation of PIM-EA-TB rather than due a direct inter-
action of Cu?* with the polymer.

Switching of the diode state was demonstrated not only by adding
acid, but also by locally generating acid/base with a platinum elec-
trode placed in the vicinity of the PIM-EA-TB polymer film. In the
future, this kind of electrochemical gating (when miniaturised) could
be employed in ionic circuits to switch diode behaviour and to control
the transport of ions and of neutral species (in rectified
electroosmosis).
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