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ABSTRACT

A multipore membrane with current-rectifying nanofluidic diodes exhibits memristive
properties based on the surface charge-regulated ionic transport. The neuromorphic-like
potentiation of the conductance by voltage pulses provides different functionalities that can be
modulated not only by the amplitude and frequency of the driving oscillatory signal but also by
the ionic concentration and pH values of the external solutions. This fact allows to implement
a broad range of logical functions by the external reconfiguration of the nanofluidic diodes. As
a proof of concept, we show Boolean (AND, NAND, and XOR) and reversible (Feynman) logical
functions obtained by controlling chemical (pH and ionic concentration) and electrical (voltage
and current) signals in an electrochemical cell. The system displays some reminiscences to
channel biophysics signaling in cell membranes and provides a suitable logical environment for
sensing and information processing in iontronics hybrid devices. Model simulations that

explain the experimental data and explore future applications are also included.
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1. Introduction

Surface charge-regulated ionic selectivity and transport in micro and nanostructures
constitutes an active field of research that involves both basic [1-11] and applied [7,12-17]
physical concepts. Nanofluidic diodes in multipore membranes act as memory resistors that
have attracted broad attention as neuromorphic devices for signal processing and computing
applications. They show concentration and pH-dependent properties that are central to ionic-
electronic signal conversion, information processing, molecular sensing and controlled release,
and energy storage [4,5,7,12-21]. In particular, memory and current-rectifying characteristics,
which are determined by the interaction between the pore surface charges and the solution
mobile ions, are receiving much attention [5,8,9,14,22,23]. Remarkably, many physico-
chemical phenomena in memristive devices are reminiscent of those observed in ion channels,
the nanoscale aqueous pores that control the transference of matter and information across the
cell membrane [24,25]. Here, voltage-gated pores, concentration gradients, and membrane
potentials regulate the ionic transport phenomena.

Nanofluidic diodes can also mimic synaptic functions [5,9,14,22,23]. We have
described experimentally [9] and theoretically [26] the basic chemical physics of multipore
memristors with conical diodes, demonstrating that series and parallel arrangements can
provide robust functionalities [27]. Here, we provide a significant extension of this work by
showing that a universal Boolean function (NVAND) and a reversible logic function (Feynman)
can be implemented on the basis of the rectifying and memristive properties. As in the
biological case, the neuromorphic-like potentiation of the membrane conductance is modulated
not only by the voltage pulse characteristics (amplitude and frequency of the input signal) but
also by the asymmetries of both the membrane and the external solutions. This experimental
fact confirms that memristive membranes can be arranged in electrochemical circuits for

information processing in iontronics, an emerging field that use ionic solutions in signal



processing phenomena, usually relating artificial platforms to biological systems. In this context,
the existing links between biological ion channels and liquid-state ionic memristors should
facilitate signal conversion in bioengineering and health sciences, where the combination of
electrical and chemical signals modulate multitude of logical responses [7,10,12-16,18]. For
the sake of completeness, suggestions for future experimental work and theoretical simulations

are also included to guide the exploration of new applications.

2. Experimental

The multipore membrane characteristics have been described in detail previously [9].
Irradiation of a 12.5 um thick polyimide foil by swift heavy ions and track functionalization by
asymmetric track-etching techniques [28,29] gives conical nanopores of tip and base radii of
the order of 10 nm and 100 nm, respectively [30]. Because of the functionalized chains on the
pore surface, the pore is negatively charged at pH = 7.0 and positively charged at pH = 1.5 [30].
The electrical conductance potentiation is measured with the membrane mounted in a home-
made electrochemical cell equipped with a pair of Ag|AgCl electrodes that are connected to a
BioLogic SP-200 potentiostat. The electrode in the solution facing the pore base is the reference
electrode.

To avoid electrical and mechanical perturbations, the cell is located within a magnetic
shield and placed on an anti-vibration table. The multipore membrane has about 300 pores over
an exposed area of 1 cm? approximately and is immersed between two external solutions of pH
values pHtip and pHbase and ionic concentrations ctip and cvase. Here, a broad range of pH values
and salt concentrations are considered both in symmetrical and asymmetrical external solutions.
in some cases, ion concentrations or pHs at pore tip, base and external solutions are held at

different values. During the experiments, the ionic concentration and pH values in the two



external solutions are approximately constant because of the small fluxes obtained through the

nanopores and the relatively large reservoir volumes of the electrochemical cell.

3. Results and discussion

The current (/)—voltage (V) curves of Fig. 1(a) show clear rectifying and memristive
ionic conduction characteristics [9,26]. The rectifying properties are due to the fixed charges
located on the conical pore surface, which give an asymmetric volume charge distribution and
a strongly nonlinear axial profile of the electric potential across the pore, especially at the
nanoscale pore tip [31]. Here, the membrane fixed charges are carboxylic acid groups which
are deprotonated at pH = 7, giving surface densities in the range between —0.1 and —1.0 e/nm?,
where e is the elementary charge [31]. Because of the negative pore charges, the mobile cations
accumulate at the cone tip for V>0, giving a high pore conductance (Fig. 1(b)). On the contrary,
the cations are depleted at the tip for V' < 0, giving a low pore conductance [31]. The pore charge
can become positive at pH = 1.5, thus reversing the current rectification in Fig. 1(b), as shown
previously [30]. Fig. 1(c) suggests that other /—V curves and membrane electrical
functionalities can be implemented by imposing a pH difference in the external solutions.

The memristive properties arise when the ionic solution at the cone tip cannot follow
instantaneously the changes of the driving voltage signal with time [26,32]. When the pore
charge gradient in the membrane follows the ionic concentration gradient imposed in the
external solutions, the concentrated solution faces the pore tip and thus the conductance
memory effects are large (Fig. 1(a)) [33]. On the contrary, when the diluted solution faces the
pore tip, the number of ions involved in the voltage switching is reduced, and thus the
memristive effects are small (Fig. 1(a)). Figs. 1(b) and 1(c) shows also the different memory
responses obtained by changing the pH of the external solutions, which modulate the sign of

the pore charges and the ion accumulation/depletion phenomena at the pore tip [26,32-36]. This



experimental fact provides an additional switching control of the membrane properties in
sensing and information processing applications. The figure insets schematically show the pore
surface charge and the majority mobile ion. In each case, the flux direction depends on the

particular ion charge and follow the sign of the applied voltage, as explained previously [30,31].
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Fig. 1. (a) I/ — V curves for two configurations of the pore tip-base concentration difference, ctip
< cbase and ctip > cbase. (b) I — V curves for two pH values, pHiip = pHbase, in symmetrical external

solutions. (c) I —V curves for two configurations of the pore tip-base pH difference in



asymmetrical external solutions. In all cases, the external solutions have a 100 mM KCI
concentration. Note the voltage sign and the electrodes position together with the pore surface
charge and majority mobile ion schemes.

The combination of the rectifying and memristive characteristics of Figs. 1(a)—1(c)
allows the implementation of a logical function system on the basis of the conductance
potentiation/depression phenomena induced by sequences of voltage pulses. When the
membrane conductance (output) is modulated by the signs of the electric potential and
concentration differences (inputs), an AND Boolean response is obtained (Fig. 2). The
memristive nanofluidics of Fig. 1(a) allows then logical inputs and outputs based on the
combination of chemical signals with sequences of positive or negative electrical potential
pulses, an alternative to the timing and responses characteristic of purely electrical steady-state
logics. While the voltage V' and the concentration difference ctip—cbase give an AND logic
response in terms of the membrane conductance G (Fig. 2), other logical responses potentially

useful for iontronic circuits [10,12,14,15,16,18,34] can also be obtained.
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Fig. 2. The voltage V" and the concentration difference ctip—cbase (inputs 11 and 12) give an AND
logic response in terms of the membrane conductance (output O) for the case of pHtip = pHbase
= 7. The correspondence of inputs 0 and 1 with the concentration difference (/eft) and voltage
(top) values is shown. The sequences of negative (input 0) and positive (input 1) voltage pulses

of amplitude Vo =5V, duration of 2 ms, and intervals of 2 ms give the current / vs. time ¢ curves

shown. The average conductance G characteristic of every pulse is calculated from the ratio
between the current and the pulse potential. The small voltage amplitudes (Vread) applied at the

beginning and at the end of each pulse sequence permit to evaluate the average conductance
difference AG that characterizes the membrane response for the different configurations. In

this case, only one conductance potentiation is obtained. To obtain a conductance difference

that allows the implementation of the logical output 1, the number of pulses must be high



enough for the potentiation effect to be noticeable. Here, we have checked that 11 pulses are
generally enough to achieve reliable logical responses.

Figs. 1(b) and 1(c) show that the pH values of the external solutions, which modulate
the sign of the pore charges and the ion accumulation/depletion phenomena at the pore tip
[26,35,36], can also be used as a logical input. For instance, the combined action of the voltage
V and pH in the tip solution gives a universal NAND logical response in terms of the different
initial and final conductances obtained at the beginning and the end of the pulse sequences (Fig.
3). In this case, we take the sign of the voltage V" as the first input variable, fix pHbase = 1.5, and
take pHiip as the second input (pHiip = 7.0 for input 0 and pHiip = 1.5 for input 1). The output

variable is output 0 for no conductance potentiation and output 1 for conductance potentiation,

as in Fig. 2.
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Fig. 3. The combination of the sign of the voltage V with pHtip (inputs 11 and 12) gives a NAND
logic response in terms of the membrane conductance (output O) for the case of 100 mM KClI
solutions. The correspondence of inputs 0 and 1 with the pH (left) and voltage (top) values is

shown. As in Fig. 2, the sequences of negative and positive voltage pulses give the average

conductance difference AG that characterizes the membrane response for the different
configurations. In this case, three conductance potentiations are obtained.

Fig. 4 shows that a XOR logical function can also be obtained for the case of identical
pH values (pHtip = pHbase) and solution concentrations (ctip= cbase) in symmetrical solutions (Fig.
1(b)). Here, the dependence of the surface pore charge on the pH provides a chemical rather
than an electrical gating [30] that results in two conductance potentiations for inputs (0, 1) and
(1, 0) only. The XOR function is usually difficult to implement because only one of the input

variables must be 1 for the output variable to be 1.
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Fig. 4. The combination of the sign of the voltage with the pH in symmetrical solutions (inputs)
give a XOR logic response in terms of the membrane conductance (output) for 100 mM KCI

solutions. As in Fig. 2, the sequences of negative and positive voltage pulses give the average

conductance difference AG that characterizes the outputs. Two conductance potentiations are
obtained here.

Fig. 5 shows a Feynman reversible logical function obtained by the combination of a
YES function with the XOR function of Fig. 4 sharing one common input (voltage). The
membrane logical response allows the univocal determination of the two inputs from the two
outputs, as shown by the reversible truth table of Fig. 5. Note that only one pH, common to
both external solutions, should be changed in the functional implementations of Figs. 4 and 5
that have also a common ionic concentration. This experimental fact permits a simple chemical

switching that should facilitate the membrane reconfiguration under continuous operation.
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Fig. 5. Scheme of the Feynman reversible logical function implemented by the combination of
the YES function in the scheme and the XOR function of Fig. 4. The truth table of this reversible

logics uses the sign of the voltage amplitude Vo and the solution pH as the two inputs variables.
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The two output variables are the respective conductance potentiations characteristic of the YES
and XOR functions.

The complete set of logical responses (AND, NAND, XOR, and Feynman) shown here
involves electrical (voltage and current) and chemical (ionic concentration and pH) signals.
Remarkably, a broad range of functionalities can be implemented on the basis of the
asymmetries of the external solutions (pH and ionic concentration) and the membrane
(geometry and axially distributed charge). These asymmetries provide the rectifying and
memory properties of the nanofluidic diodes [1-3,29,31] that eventually give the different
neuromorphic logical responses. Interestingly, symmetry-breaking combinations of pH and
ionic concentrations are also characteristic of biomimetic and biological membranes
[14,24,25,37-39], which should facilitate practical applications in biosystems.

As suggestions for future work, it is possible to use three rather than two different pH
values leading to negative, zero, and positive pore surface charges [30]. This procedure would
allow the implementation of multivalued logical functions on the basis of the multiple
membrane conductances obtained, as previously demonstrated by the functionalization of
polyprotic acid chains on the nanopore surface [40]. Also, the robust behavior of series and
parallel membranes arrangements recently demonstrated [27] should make possible to process

multiple pH and ionic concentration signals in other iontronics circuits.

4. Model simulations

As a convenient modeling tool, we present now simulations of the conductance
potentiation/depression and logical responses. The model equations constitute a significant
extension of our previous theoretical work [26] and allow the exploration of other systems in

terms of directly accessible experimental parameters: the voltage pulse characteristics, ionic
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concentrations, and pH values. Numerical models and simulations focused on the theory of
transport phenomena have recently been presented by other authors [35,41].

Note that we do not attempt to describe quantitatively a particular set of data. Rather,
we give some general equations that can be useful for a qualitative description of the system
response to voltage pulses under different conditions. For the sake of concreteness, we consider
first that the pore is negatively charged, so that the main electrical carriers are the cations, and
assume that the voltage signal is applied to the pore tip. The conical pore asymmetry resulting

in current rectification is accounted for by considering two relaxation times, t  and t_,, for

0
voltages V> 0 and V' <0, as experimentally observed [26]. These different times arise from the
distinct ionic concentrations of the cone tip and base solutions, together with the fact that the
cations enter the pore tip from the left solution at /"> 0 and the cone base from the right solution
at V' < 0 (Fig. 1(a)). Note that, while the external solution concentrations may be equal, the
cation concentrations at the conical pore extremes should be different due to the distinct fixed

charge concentrations X, (tip) and X _(base) [26]. Thus, because of the local electroneutrality
condition, the cation concentrations should be of the same order of magnitude of X, and X _
at the pore tip and base, respectively. This condition permits to express the pore charge volume

concentration as Xj= 2|c|/(Fa)) (j = +,—), where o is the surface charge density [26].

For the negatively charged pore, the cation concentration can be regarded as the state
variable. Thus, the pore conductance relaxation should follow that of the cation concentration,

which is described by the local continuity equation. By assuming that cations enter and leave

the pore by the ionic conduction due to a constant electric field (V0 /L), where Vo is the voltage

and L is the membrane thickness, this equation gives the following relaxation times for the tip

and base ionic solutions [26]:
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X,(2/D)
T ~ @ FV. (RT) (1a)

X (LZ/D)

o\ 1b
o FV, (RT) (10)

where F is the Faraday constant, R is the gas constant, 7 is the temperature, ¢, is the ionic

concentration in the external solution, and D is the diffusion coefficient. Note that, because

X,/ X_ is approximately given by the pore radii ratio a_(base)/a,(tip) ~10-100 , the

respective relaxation times of the ionic solutions at the cone tip and base can be different [26].

We consider now the voltage pulse

0, £<t,
V(e)y=<V._, t,<t<t,+At (2)
0, t>t,+A¢

where #,is a reference time for the onset of the voltage pulse V,

on

which can be positive or

negative, that is applied during a time interval As. A sequence of N pulses can be obtained by

applying a voltage function V(#) with a time period 7. The membrane conductance G, (¢)

should follow the voltage changes with a characteristic relaxation time T,

6, [G,0-G]
a T

s _] =+,-, Off (3)

j
where Gf are the limiting quasi-steady state conductances [26]. Note that different pore

relaxation processes at the pore tip (+) and base (—) should be expected for the distinct signs of

the voltage pulse V,, . Experimentally, a third characteristic time T characterizes the cation
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concentration relaxation when the voltage V(¢) is switched off, so that the conductance
relaxation time can be expressed as
T4 1<t
T, =410, By <<ty +At 4
T >0+ AL
Thus, in order to obtain the membrane response to a sequence of voltage pulses, we should
integrate Eq. (3) separately over each time window defined in Eq. (2), having in mind the

different initial and quasi-steady state conductances involved in the distinct windows.

When a square voltage pulse of amplitude ¥ is applied, the initial conductance G,
evolves towards the quasi-steady state value ij. corresponding to this voltage. After the voltage

is switched off, however, the conductance attempts to recover the initial value G,O until a new

pulse is applied, thus reestablishing the external driving process of Eq. (2). For the first voltage

signal period (the reading period for the conductance before the potentiation/depression

scheme) and by taking the reference time #, =0, the time-dependent membrane conductance is

T, 1<0
G_.(t
%f(): }/;'ead +(}/(')ff _}:'ead)exp(_t/rm)a O<tST/2 (5)

g+ G(T12)/ Gl 1) |exp[(t=T/2)/7,3)], T/2<t<T

=Gt

read

/G and r

(V)

where we have introduced the conductance ratios r

read

f .
« =G, /G, in terms of
the reference conductance G- .

The above general scheme is applied to the subsequent signal periods considering that,
for each new time integration, the initial conductance corresponds to the final conductance
reached at the end of the previous integration. Thus, the conductances corresponding to the n-

th period of the potentiation (+) and depression (—) schemes are:
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1{@(’? )—1}exp(—(t—nT)/t+0), nT<t<nT+T/2
G, () _ +
G
roff7{%—@—lgﬁ}exp[—(t—nT—T/2)/toﬁ)], nT+T/2<t<(n+1)T
(6a)
r_+{G‘(’zn—r_}exp(—t/r4), nT<t<nT+T/2
G (1) g
G G (nT+T/2 )
. roff_i{%—roﬁ:|exp[—(t—T/2)/‘coﬁ)], nT+T/2<t<(n+1)T

In Egs. (6a) and (6b), we have introduced the conductance ratio » = G_/G' . Following the

potentiation/depression sequences of Egs. (6a) and (6b), a reading pulse analog to that of Eq.

(5) is applied. In this case, however, the initial conductance is not G, but that achieved at the
end of the potentiation/depression sequence.
From the time-dependent membrane conductance G,(?) , the current through the

membrane can be obtained as /,(¢) =G, (¢1)V(¢), where V(¢) can be a sequence of positive (j =

+) or negative (j = —) voltage pulses. For the sake of comparison between different experimental

conditions, it is convenient to define a reference steady state current as /| = G.V, . In this way,

a generic current 7, = G.V, can be scaled to the reference current /| =GV, as

I' GV, X’+4c, DV, )
]* G*I/* Q'Xz + 4C*2 D*Vk

so that the relative effects of ionic concentration (¢, and ¢, ) and voltage amplitude (V. and V.

) can be predicted. In Eq. (7), the Donnan ionic equilibrium has been assumed to relate the

inside pore and external solution concentrations, where X is a typical fixed charge concentration
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[26,31]. This physical model allows a qualitative description of both the /—} curves and the

time-dependent currents observed with different pulse sequences.

The model of Egs. (5) and (6) incorporates the conductance ratios ., 7,4, and r,

together with the relaxation times t,, (j = +, —; here, 1,,,,is assumed to be equal to 7,,) and

T, as the input parameters of the potentiation conductance curves. Also, it permits to simulate
the different logical functions obtained and explore other configurations and membrane

responses on the basis of the above analytical equations. Here, we will define V,, <0 and
V.. >0 as logical inputs 0 and 1, respectively. For the logical output, we will take the absolute
value ‘Aé‘ of the difference between the average conductance measured with two reading

pulses, one just before the potentiation/depression sequence, and the other just after the

sequence.

To show the effects of ionic concentration and pH, Figs. 6 and 7 give the model results
obtained for the AND and XOR logic functions, respectively; the experimental NAND logic
function can also be reproduced by the theoretical simulations (not shown here). Note that the
capacitive peaks in the conductance, which are observed at the onset of the pulses (Figs. 2—4),

are ignored. At the beginning and end of each voltage sequence, read pulses of amplitude

|4

read

=1 Vare applied, with the pulse sequences V,, =+5 V. Note however that other current

vs. time curves, conductance potentiation/depression, and logical responses could be obtained

by exploring different experimental configurations.
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Fig. 6. The current vs. time curves, conductance potentiation, and logical responses obtained
for the AND logical function with the model. The inputs are the signs of the voltage and the
concentration difference. The output is the absolute value of the average conductance change
between the initial and read voltage pulses. Note that the time, the current, and the conductance

difference are scaled to the reference values 7, I/ and G/, respectively. The simulation

parameters are as follows: (i) Configuration 5/500 mM KCI for the positive voltage sequence,

Tit,=34,7r,=05,and r,,=0.5, and T/t =0.1, with a reference ionic concentration

=5 mM KCI; for the negative voltage sequence, T/t , =0.01, 7, =0.15 =0.5, and

s read

r =04, and T/t =0.01, with a reference ionic concentration ¢, =500 mM KCI. (if)
Configuration 500/5 mM KClI for the positive voltage sequence, T/t,,=0.2, r; =0.08, and

=0.1, and T/t =0.01 ,with a reference ionic concentration ¢, =500 mM KCI; for the

read
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negative voltage sequence, 7/t ,=0.05, 7

=0.1, r

> “read

,with a reference ionic concentration ¢, =5 mM KCL

XOR function

=0.1, and » =0.07, and T/t ; =0.1

|1I 0 |1I 1
Vies Vs 12V ooy
04 i o JANARARAAARD,
111 5
20 e g i . AnAAARAAAAD,
pH 7.0 pH 7.0 71:8: 3
GIGH
Jemereren Sl
] L
?2 i [udaln I'H:'II'I'I'H'I rr:'m SHl : 070 ] | | 3646*:
|22 1 I 00 - i
pH 1.5 pH 1.5 71‘:3: \]UUUUUUUUUU = T ]
ot | _mUNHAEHNE 0O:1
05 - " H l | ~
H“ 1| . ACIGF
=it 0.01
0.0 H , . .Agf‘g' _IZLD_‘EI_I:LII]_EI'_EL‘D_D'_::L‘D_U_D_IO_‘O_
0 5 10 15 0 5 10 15
0T yT

Fig. 7. The current vs. time curves, conductance potentiation, and logical responses obtained

for the XOR logical function with the model. The inputs are the sign of the voltage and the pH

in the external solutions. The output is the absolute value of the average conductance change

between the initial and read voltage pulses. Note that the time, the current, and the conductance

difference are scaled to the reference values 7, I' and G!, respectively. The simulation

parameters are as follows: (i) For pH = 7.0 and the positive voltage sequence, 7/t,,=0.8,

T/t =0.2, and 7, =0.07 ; for the negative voltage sequence, 7/t ;=0.002, T/t =0.2,

r=0.1, and » =0.01. In both cases, r_,=0.2. (if) For pH = 1.5 and the positive voltage
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sequence, I'/t,,=0.002, T/t =0.2, and r, =0.007 ; for the negative voltage sequence,

T/t y=08, T/t =0.2, r,=0.07,and » =1.3. In both cases, 7, 0.4.

read —

5. Conclusions

Surface charge-regulated ion transport in soft nanostructures can mimic some of the
functionalities of cell membranes and is of current interest to iontronics hybrid devices [5,7,12-
16,18,19,23,30,34]. Here, we have shown that the memristive conductance potentiation of
nanofluidic diodes allows to evoke a broad set of logical functions with timing and responses
different than those of the electrical steady-state logics. The membrane response can be
modulated not only by the amplitude and frequency of the driving oscillatory signal [9] but also
by the ionic concentration and pH values of the external solutions (Fig. 1), reminiscent of
physiological processes in cell membranes [24,25]. These qualitative links between liquid-state
ionic memristors and biological ion channels should facilitate signal conversion and
information processing in bioengineering and health sciences. Suggestions for future work and
model simulations are also included to explore future applications.

As a proof of concept, different Boolean (AND, NAND, and XOR) and reversible
(Feynman) logical functions are obtained by simple external reconfigurations of the nanofluidic
diode states (Figs. 2—5). The NAND function is universal, thus allowing the implementation of
other functions by appropriate combinations. Also, the XOR function is usually difficult to
realize in practical applications. The Feynman function suggests that other reversible logic
responses could be evoked by different combinations of experimental inputs and outputs. The
fact that all these functionalities use the same physical environment, a conventional

electrochemical cell with the usual chemical (pH and ionic concentrations) and electrical
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(voltage and current) signals, suggests new opportunities for sensing and information

processing in liquid state iontronics.
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