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Abstract

We describe experimentally and theoretically the concentration-dependent conduction of
tetraalkylammonium (TAA") cations through a nanofluidic diode fabricated in a polymer membrane via
asymmetric track-etching techniques. This single-pore membrane exhibits current rectification
characteristics because of the ionized carboxylate groups on the pore surface. We use aqueous solutions of
potassium (K), ammonium (A"), tetramethylammonium (TMA"), tetracthylammonium (TEA"), and
tetrabutylammonium (TBA") ions with concentrations ranging from 50 to 500 mM under acidic (pH 3.5)
and physiological (pH 6.5) conditions. Compared with the K™ and A" ions, the TMA", TEA", and TBA"
ions show relatively low rectified ion currents because the cation hydrophobicity increases with the alkyl
chain. At low concentrations and acidic conditions, an inversion in the current rectification characteristics
is observed, which is attributed to the adsorption of the organic cations on the pore surfaces. The
experimental results can be analyzed in terms of the Poisson-Nernst-Planck equations and the geometrical
and electrical single pore characteristics for the different ions, pH values, and salt concentrations
employed. This theoretical approach is qualitative and could be extended further to include a self-

consistent theoretical treatment of the ionic adsorption and surface charge equilibria.
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1. Introduction

Biomimetic nanopores show ionic current rectification and permselectivity characteristics
that can mimic some of the properties observed in biological ion channels [1] and offer new
possibilities for electrochemical sensing [2-9]. To date, various routes have been proposed to
fabricate synthetic nanopores in a variety of insulating solid-state materials [3-9]. The nanopore
fabrication by ion track technology allows controlling the number and dimensions of the pores,
from single to multipore membranes, the geometry (cylindrical, conical, and cigar-shaped pores),

and the surface functionalization [8].

Ion current rectification phenomena can be observed in conically shaped nanopores because
of the axial asymmetry of the ionized groups fixed on the pore surface [2, 10-14] and also in
cylindrical nanopores with non-homogeneous fixed charge distributions [15-19]. In most studies,
inorganic salts (e.g., KCI and NaCl) in aqueous solutions have been used. Siwy and co-workers
have considered the case of ionic liquids, aprotic solvents, and solid-state electrolytes [20-22].
Also, Yin et al. have studied transport phenomena at the nanoscale using organic solvents where
the electrolyte ions adsorbed on the pore surface can cause charge inversion and current
rectification [23]. We propose now to describe experimentally and theoretically the transport of

organic cations through single conical pores.

Tetraalkylammonium (TAA") cations have received much attention in analytical chemistry,
electrochemistry, and biophysical chemistry [24-27]. In particular, the TAA" cations are potent
blockers of several cation-selective ion channels [1, 27]. In the case of K'—selective channels, the
transient binding of ammonium cations to the channel can block the ion conduction pathway,
preventing the entry of K into the channel and leading to a reduction of the channel conductance

[28-30]. Similarly, Na” and Ca®"—selective channels show significant current blocking by bulky
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organic and TAA" cations [31, 32]. TAA" solutions have also been employed as supporting
electrolytes in organic electrochemistry [33] as well as in DNA conformational and hybridization
studies [34-37]. Recently, Kang and co-workers have discussed the advantages of using TAA
instead of KCl electrolytes in the detection of DNA molecules translocated through a protein pore
[36, 37]. Thus, a comprehensive description of the ionic conduction properties of TAA" ions in
confined geometries is timely.

We describe here the concentration-dependent conduction of different TAA" cations
through a nanofluidic diode, comparing the results obtained with the usual KCI aqueous solution
case. This diode is a single conical nanopore fabricated in a polymer membrane via asymmetric
track-etching techniques [8]. Due to the ionized carboxylate groups on the pore surface, the
nanopore exhibits current rectification. Aqueous solutions of ammonium (A"),
tetramethylammonium (TMA"), tetraethylammonium (TEA"), and tetrabutylammonium (TBA")
are employed to characterize the effects of these bulky cations on the pore conductance and
rectification at acidic (pH 3.5) and physiological (pH 6.5) conditions. In each case, the
experimental results are described theoretically using a model based on the Poisson-Nernst-

Planck equations together with the geometrical and electrical single pore characteristics.

2. Materials and methods

2.1 Chemicals and materials

All the chemicals, including sodium hydroxide and potassium chloride, ammonium
chloride, tetramethylammonium chloride, tetracthylammonium chloride and tetrabutylammonium
chloride were purchased from Sigma-Aldrich, Schnelldorf, Germany, and used without further

purification.



2.2 Fabrication of single asymmetric nanopores

The nanopores were fabricated using the asymmetric track-etching technique developed by
Apel and co-workers [38]. The first step was the irradiation of 12 um thick polyethylene
terephthalate (PET) membranes (Hostaphan RN 12, Hoechst) with swift heavy ions (Au) of
kinetic energy 11.4 MeV/nucleon at the linear accelerator UNILAC (GSI Helmholtz Centre for
Heavy Ion Research, Darmstadt, Germany). Secondly, the latent ion tracks created by the swift
heavy ion in the polymer membranes were sensitized with soft UV light. Finally, the chemical
track-etching process was performed in a custom-made conductivity cell having three chambers.
This conductivity cell was employed for the fabrication of the single-pore. To this end, a single-
shot (1 ion hitting the foil) membrane was placed in the conductivity cell and clamped tightly. An
etching solution (9 M NaOH) was filled on one side, while on the other side of the membrane a
stopping solution (1 M KCI + 1 M HCOOH) was filled in the adjoining compartment of the
conductivity cell. To monitor the etching process, gold electrodes were inserted on both sides of
the single-ion irradiated membrane and a potential of —1 V was applied across the membrane.
The etching process was carried out at room temperature. The current remained zero as long as
the etchant had not permeated the whole length of the membrane. After the breakthrough (a point
at which the etchant pierced the membrane), an increase in the ionic current flowing through the
nascent pore was observed. The etching process was stopped when the current reached a certain
defined value. Then, the membranes were thoroughly washed with stopping solution in order to
neutralize the etchant, followed by deionized water. The etched membranes were dipped in
deionized water overnight in order to remove the residual salts. This process resulted in polymer
samples containing approximately conical single pores with carboxylic groups (-COOH)
generated on the inner pore walls due to the hydrolysis of ester bonds in the back-bone of

polymer chains.



2.3 Current-voltage (I-V) measurements

The -V curves were measured using a picoammeter/voltage source (Keithley 6487,
Keithley Instruments, Cleveland, Ohio, USA) and LabVIEW 6.1 (National Instruments) software.
The as-prepared single-pore membrane was fixed between the two compartments of the
conductivity cell and an aqueous electrolyte was filled in both halves of this cell. The electrodes
consisted of Ag wires coated with AgCl and were inserted into each half-cell solution to fix the
transmembrane potential giving the ionic current through the pore. The ground and working
electrodes were placed on the base and tip side, respectively. In order to record the /-V curves, a

scanning triangle voltage signal from —2 to +2 V was used.
2.4 Model simulations

The experimental / — V' curves were analyzed in terms of a model based on the Poisson-
Nernst-Planck (PNP) equations [24-27]. Assuming a conical shape for the pore, the input
parameters of the model were the diffusion coefficients of the ionic species, the surface
concentration of the fixed charges on the pore surface, o, and the diameters of the base, D, and
tip, d, of the pore. As a first approximation, the diffusion coefficients corresponding to an
aqueous solution at low electrolyte concentration were used in the calculations (see Table 1 and
References [39, 40]). The pore base diameter was determined directly from the etching time [38]
and the pore tip diameter was calculated by fitting the /-V curves measured at 100 mM KCI and
pH = 3.5 to the theoretical model. In this case, the pore fixed groups were protonated (o= 0) and
the only unknown model parameter was d. Once the pore diameters were determined, the surface

concentration ¢ of fixed charges was calculated by fitting the /- curves to the theory in each

experimental case. Hence, the only free parameter of the model is the effective charge density G.



3. Results and discussion

The ionization state of carboxylic acid groups on the pore surface regulates the
permselectivity, conduction, and rectification characteristics of the pore [10]. Under
physiological conditions, the as-prepared conical pore transports preferentially cations over
anions due to the negative charge of the carboxylate groups, resulting in nonlinear /-V curves [2,
10-14]. The nanopore surface and ionic transport characteristics can be regulated by the solution
pH and the concentrations of A", TMA", TEA", and TBA" cations in water. Fig. 1(A) and (B)
shows ionic transport through the single nanopore for the different cations at neutral (pH 6.5) and
acidic (pH 3.5) conditions. Moreover, chemical structures of the cations used in this study are
also shown in Fig. 1(C).

Fig. 2(A) shows the experimental /-J characteristics at close to physiological conditions
(pH 6.5) and organic cation concentrations ranging from 50 to 500 mM. The measurements were
performed under symmetric solution conditions and the electrolyte solutions were prepared in 10
mM Tris-buffer. The working electrode is fixed on the cone tip side, serving as a cathode for
positive bias and an anode for reversed bias. In this electrode configuration, high currents were
recorded at positive voltages while low currents were obtained at negative voltages. The pore
exhibits current rectification (cations preferentially flow from the tip opening towards the base
opening) due to the existence of ionized carboxylate (COO ) groups which impart negative
charge to the pore surface [2, 10-14]. As expected, the rectification decreases with the ionic
concentration [10]. The pore rectification behavior can be quantified by the rectification ratio
(frec)- This ratio is obtained by dividing the absolute value of the forward current to that of reverse
current at voltages of the same amplitude but opposite polarities, e.g. frec = [[(+2 V)| / [I(-2 V).

Fig. 2(C) shows the values of f;.. obtained from the corresponding /—V curves.



The experimental /- curves of Fig. 2(A) show similar conduction characteristics for the K
and A" cations because of their almost identical ionic conductivities and diffusion coefficients.
For all the organic cations employed, A" exhibits the highest rectified ion current. The
replacement of the hydrogen atoms attached to the central nitrogen atom with alkyl (methyl, ethyl
and butyl) groups leads to a substantial reduction of the ion current. The highest current
corresponds to TMA' because of its relatively small size and decreased hydrophobic
characteristics compared with those of TEA™ and TBA" [41]. For the 100 mM case, the TBA"
and TEA" currents are 1.1 and 1.9 nA at +2 V, respectively, to be compared with 2.8 nA for
TMA". Fig. 2 shows also the significant effect of the organic cation concentration on the absolute
currents and rectifications. As expected, the rectification decreases with the concentration and
follows the decreasing order TMA" > TEA" > TBA" in all experiments.

The continuous curves of Fig. 2(B) correspond to model calculations with the experimental
diffusion coefficients of Table 1. The conical pore parameters d = 24 nm and D = 370 nm are
obtained using the experiments with K" at concentration 100 mM and pH 3.5, according to the
procedure described in section 2.4. Table 2 shows the effective surface charge densities obtained.
The model results follow qualitatively the experimental trends observed and, in particular,
reproduce the sequence K" ~ A" > TMA" > TEA" > TBA" of the electric currents measured at
positive voltages. The o values obtained at pH 6.5 (Table 2) suggest a decrease of the effective
surface charge due to the adsorption of the hydrophobic organic cations on the pore surface. The
agreement between theory and experiments is excellent for the cases of K' and A" at
concentrations above 100 mM but becomes worse for the organic ions, especially in the case of
TBA'. The deviations between the theoretical results and the experimental data should be
attributed to additional effects not included in the model such as the particular hydrophobic

characteristics of each organic ion and the concentration dependence of the ionic diffusion
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coefficients. In addition, deviations from the assumed conical geometry [2, 10-14] and uniform
distribution o of the surface charge [2, 10-14] could also be possible. We have preferred to
concentrate on qualitative aspects only and have not attempted a more detailed modeling [12, 13]
with additional parameters.

Fig. 3 shows the concentration dependence of the nanopore conductance measured at +2 V
for the different cations. The slope obtained for the concentration-dependence of the conductance
decreases in the order A" > TMA" > TEA" > TBA", which should be attributed to the effects of
cation size and solvation, as well as to the partial adsorption of the positively charged
hydrophobic ions on the negatively charged pore surface. Note also that the cation
hydrophobicity increases with the alkyl chain, thus decreasing the ionic conductivity. This
experimental trend has also been found experimentally and theoretically in free aqueous solutions
[42]

Fig. 4(A) shows the /-V curves obtained at different concentrations under acidic conditions
(pH 3.5). Below pH 3.8 approximately, the carboxylic acid groups are protonated and the net
charge on the pore walls is zero. For the uncharged conical pores, no current rectification should
then be observed. However, the experimental data suggests an inversion of the current
rectification characteristics with respect to Fig. 2 at low concentrations (50 and 100 mM). This
inversion could be attributed again to the partial adsorption of the hydrophobic cations on the
neutral pore surface, in agreement with the case of pH 6.5 in Fig. 2. This adsorption is still
possible because of the hydrophobic interaction between the alkyl chains and the polymeric
chains of this surface. The final result is that the pore preferably transports anions over cations in
this case. Because of the reversed sign of the pore charges, the rectification ratio is now defined
as free = [I(=2 V)| / [I[(+2 V)| and can be obtained from the /—V curves of Fig. 4(A). For the case of

the non-alkylated cations (K" and A") f is close to 1, while for the other organic cations it is
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close 2 as shown in Fig. 4(C). Shao and co-workers have also found that glass nanopipettes
exposed to low concentrations of tetraphenylarsonium tetraphenylborate (TPASTPB) show an
inversion in the current rectification characteristics because of the adsorption of bulky cations
(TPAs") on the pore surface [23]. As expected, the current rectification decreases at high
concentrations (250 and 500 mM) and the nanopore exhibits a quasi-ohmic behavior.

The theoretical results of Fig. 4(B) have been obtained with the same diffusion coefficients
and pore diameters used for the case of pH 6.5 in Fig. 2(B). The effective surface charge densities
are shown in Table 2. The model results qualitatively describe the experimental trends. In
particular, an inversion of the current rectification characteristics with respect to the case of Fig. 2
is clearly observed at low concentrations. This fact is consistent with the adsorption of the
hydrophobic cations on the pore walls, leading to the positive surface charge concentrations of
Table 2.

We have also checked the reproducibility of the ionic conduction data for different
nanopores. Fig. 5(A) shows the /-V curves obtained with a conical pore with similar tip and base
diameters at concentration 100 mM. For pH 6.5, the pore exhibits experimental trends similar to
those of Fig. 2. However, an inversion in the current rectification is observed under acidic
conditions, thus confirming the effect observed in Fig. 4. The rectification rations obtained for
this case is calculated from the corresponding /-V curves is also shown in Fig. 5(C). The
theoretical curves of Fig. 5(B) have been obtained using the same procedure as in Figs. 2 and 4.
In this case, the pore diameters are d = 21 nm and D = 390 nm and the ¢ values are given in
Table 3. These model parameters are similar to those obtained for the pore sample of Figs. 2—4

and permit also an approximate theoretical description of the experimental trends observed.

4. Conclusions



Biomimetic nanopores provide new opportunities for electrochemically-based sensing.
However, most published studies concern the case of inorganic salts despite the increasing
importance of organic cations. We have described previously the pH-dependent electrodiffusion
of amino acids through fixed-charge membranes [43] and Au-nanotubule membranes with self-
assembled monolayers [44]. We consider now the ionic conduction of different TAA" cations
through a nanofluidic diode fabricated in a polymer membrane via asymmetric track-etching
techniques. Aqueous solutions of ammonium, tetramethylammonium, tetracthylammonium, and
tetrabutylammonium ions are used over a wide concentration range under different pH
conditions. The increase of the cation hydrophobicity with the alkyl chain gives low rectified ion
currents for TMA", TEA", and TBA" compared with those of K" and A". The inversion of the
current rectification characteristics observed at low concentrations and acidic conditions is
attributed to the adsorption of the organic cations on the pore walls. The experimental results can
be approximately described in terms of the Poisson-Nernst-Planck equations and the geometrical
and electrical single pore characteristics for the different ions, pH values, and salt concentrations
employed. In this way, the only free parameter of the model is the effective charge density o.
This theoretical approach is qualitative and could be extended to include a self-consistent

theoretical treatment of the ionic adsorption and surface charge equilibria.
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Figures and Captions
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Fig. 1. (A) Scheme of the size and hydrophobic-based cation conduction through a negatively charged
conical nanopore (pH 6.5) for > 0. (B) Scheme showing the pore charge reversal at acidic conditions
(pH 3.5) due to adsorption of alkyl cations and the concomitant anion conduction across the membrane for
V< 0. (C) Chemical structures of the cations employed in this study.

15



(A) Experimental curves (B) Theoretical curves (C) Rectification ratio
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Fig. 2. (A) Experimental /-V curves of a single conical nanopore (d = 24 nm, D = 370 nm) with
negatively charged carboxylate groups (pH 6.5) for potassium (K'), ammonium (A"),
tetramethylammonium (TMA"), tetracthylammonium (TEA") and tetrabutylammonium (TBA") cations at
the concentrations 50, 100, 250 and 500 mM. (B) Theoretical /- curves corresponding to the
experimental data assuming the diffusion coefficients of Table 1 and the surface charge concentrations of
Table 2. (C) Typical rectification ratios obtained from the corresponding /-V curves at 2 V.
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Fig. 3. Pore conductance as a function of the concentration for the experimental data of Fig. 2 at +2 V.
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(A) Experimental curves (B) Theoretical curves (C) Rectification ratio

K A TMA TEA TBA
Cations

1.5 ' ' ' , 1.5 ' , ' ,
50 mM (pH 3.5) !
1.0} ! {1 10f i 15,1
! ! 2
0.5r i {1 o5 , N
g i g i -
— 00— — ™= — - — - — - — — 0.0 7 ;
- - >1
05} b {1 .05 ! o
s Tmar ! =
Lo E 4 : v TEA { -10 :
+ TBA
-1.5 [ o L 1 L ) 150 1 1 1 0
a0 2 -1 0 1 2 "o 2 -1 0 1 2 K A TMA TEA TBA
15[ 100 mMI(pH 35) ] 15 :
1.0} i __.-".:."f . 1.0 i S 2y
i i ¥
< 05f i 1< 0.5 ! f |
Z 00— — - Z 00 =
= . = =1
05} | A {1 05 &
-1.0 e o4 TMAT {10 =
Ao’ + +
Y P TBAL D s
:; TBA"
2.0 L I L L 2.0 0
2 -1 0 1 2 - K A TMA TEA TBA
4t 250 MM (pH 3.5) 4
: 2|
2+ | B 2 a
g i E =
- O === ¥ — - — - — - — —~ 0 =~
= J = =1l
2} TR I S
i TMA* =
v TEA
Are : TBA® ] -4 1
-2 -1 0 1 2 K A TMA TEA TBA
9 " " . . 9
500 mM (pH 3.5)
6F | 1 6 —2t
S
3t - 3 I
< < =
~ 0 __________________ ~ 0 ;
= : = Sit
-3r I k -3 -
6} : 1 -6
gLt . i . . 9 0
2 1 0 1 2
/

Fig. 4. (A) Experimental /-V curves of a single conical nanopore (d = 24 nm, D = 370 nm) with
uncharged carboxylic acid groups (pH 3.5) for the cations of Fig. 2 at the concentrations 50, 100, 250 and
500 mM. (B) Theoretical /-V curves corresponding to the experimental data assuming the diffusion
coefficients of Table 1 and the surface charge concentrations of Table 2. (C) Typical rectification ratios
obtained from the corresponding /-V curves at 2V.
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(A) Experimental curves (B) Theoretical curves (C) Rectification ratio
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Fig. 5. (A) Experimental /-V curves of a single conical nanopore (d = 21 nm, D = 390 nm) with
negatively charged (pH 6.5) and uncharged (pH 3.5) carboxylic acid groups in 100 mM solutions of the
cations of Fig. 2. (B) Theoretical -V curves corresponding to the experimental data assuming the
diffusion coefficients of Table 1 and the surface charge concentrations of Table 3. (C) Typical
rectification ratios obtained from the corresponding /-V curves at 2V.
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D; (10° cm?/s)

cr

K+

A+

TMA*

TEA"

TBA®

2.03

1.95

1.95

1.1

0.91

0.5

Table 1. The diffusion coefficients of the ionic species used in the model calculations correspond to the
experimental values obtained for free electrolyte solutions [39, 40].

20



o(e/nm?)
pH K* A* TMA' TEA TBA*
6.5 -0.3 -0.25 -0.15 -0.06 -0.02
3.5 0 0 0.05 0.05 0.05

Table 2. Surface charge concentrations used in the model calculations of Figs. 2 (pH 6.5) and 4 (pH 3.5).
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o(e/nm?)
pH K* A TMA* TEA* TBA*
6.5 -0.2 -0.17 -0.1 -0.07 -0.03
3.5 0 +0.01 +0.02 +0.05 +0.1

Table 3. Surface charge concentrations used in the model calculations of Fig. 5.
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