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ABSTRACT: We designed and characterized a cylindrical
nanopore that exhibits high electrochemical current rectifica-
tion ratios at low and intermediate electrolyte concentrations.
For this purpose, the track-etched single cylindrical nanopore
in polymer membrane was coated with a gold (Au) layer via
electroless plating technique. Then, a non-homogeneous fixed
charge distribution inside the Au-coated nanopore was
obtained by incorporating thiol-terminated uncharged poly-
(N-isopropylacrylamide) chains in series to poly(4-vinyl-
pyridine) chains, which were positively charged at acidic pH
values. The functionalization reaction was checked by
measuring the current—voltage curves prior to and after the
chemisorption of polymer chains. The experimental nanopore
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characterization included the effects of temperature, adsorption of chloride ions, electrolyte concentration, and pH of the external
solutions. The results obtained are further explained in terms of a theoretical continuous model. The combination of well-
established chemical procedures (thiol and self-assembled monolayer formation chemistry, electroless plating, ion track etching)
and physical models (two-region pore and Nernst—Planck equations) permits the obtainment of a new nanopore with high
current rectification ratios. The single pore could be scaled up to multipore membranes of potential interest for pH sensing and

chemical actuators.
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1. INTRODUCTION

Ion current rectification (ICR) is involved in most applications of
synthetic nanopores,"”” nanochannels,® nanoelectrodes,* film
interfaces’ and nanopipettes®” concerning nanofluidic cir-
cuits, > ratchet effects,lé_18 energy harvesting,lg’20 molecular
separation,”’ drug delivery,”* and biochemical sensing.>*~** ICR
is observed as a diode-like current—voltage (I—V) characteristic,
with high and low conducting states depending on the polarity of
the applied voltage that reveal preferential directions for ion
tramsport.z’6

It has been theoretically and experimentally demonstrated that
the interactions of mobile ions with the active charged groups
fixed at the pore surface are responsible for the asymmetrical
conductance.® ~>° ICR can be achieved using either pores with
asymmetric shapes or pores with non-homogeneous fixed charge
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distributions. The heavy ion track-etch technology has already
reached commercialization. Therefore, devices based on this
technique can be fabricated using polymeric membranes
containing nanometric single pores with a variety of shapes
and charged groups, which are sensitive to different external
stimuli,>®!¥1#2133:36741 Rectification ratios r are defined as the
absolute value of the quotient between the electric current in the
high and low conducting states at a given voltage. As-prepared
track-etched conical nanopores with carboxylic groups homoge-
neously distributed on the pore surface show r & 7 at electrolyte
concentration ¢ ~ 0.1 M KCl and applied voltage V ~ 1 V.>'**
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These values can be enhanced up to r & 20 using asymmetric
pores with bulletlike tips*>** under the same conditions.
Symmetric pores with non-homogeneous fixed charge distribu-
tions display also rectification ratios of the same order of
magnitude.2’38’45’46 Recently, cylindrical nanopores showing
rectification induced by nanoparticle blocking and release have
also been reported.*” A significant improvement can be obtained
using conical or double conical pores in polymeric membranes
with bipolar charge density distributions®>*® or asymmetrical
pores externally tunable by voltage gating,”*® where rectification
ratios of the order of several hundreds can be achieved.

In this paper, we report a nanopore showing high rectification
ratios (r &~ 100) at low and intermediate electrolyte
concentrations. It consists of a cylindrical Au-coated nanopore
where ICR is achieved by means of a non-homogeneous fixed
charge distribution with neutral poly(N-isopropylacrylamide)
(PNIPAM) chains decorating one-half of the pore and poly(4-
vinylpyridine) (PVP) molecules, which are positively charged at
acidic pH values, covering the other pore half. We present a
complete experimental characterization of the pore rectification
and discuss the results in terms of a theoretical model accounting
for ion transport through the nanopore.*"

2. EXPERIMENTAL SECTION

2.1. Materials. All the reagents used in the experimental work are of
analytical grade and were used as received without further purification:
sodium hydroxide (Carl Roth, 99%, p.a.), ethanol (Sigma-Aldrich,
anhydrous), 4-(dimethylamino)pyridine (Fluka, puriss.), AgNO;
(Griissing, p.a.), ethanol (Brenntag, 99.5%), formaldehyde solution
36.5% stabilized with methanol (Fluka, puriss. p.a.), methanol (Aldrich,
99.8%), Na,SO; (Merck, p.a.), (NH,);[Au(SO;),] solution (Galvano
gold bath from Schiitz Dental GmbH, 15 g of gold 99.9% per liter), NH,
33% in water (Merck, puriss.), SnCl, dihydrate (Sigma-Aldrich, ACS
reagent), and trifluoroacetic acid (Riedel-de Hien, >99%). Thiol-
terminated PVP [P8383—4VPSH, Mn = 2.5,000] was purchased from
Polymer Source, Inc.

For the synthesis of thiol-terminated PNIPAM, monomer N-
isopropylacrylamide (NIPAM) was purchased from Acros Organics
and was recrystallized from hexane. a,a’-Azoisobutyronitrile (AIBN,
Sigma-Aldrich) was recrystallized from diethyl ether. All solvents were
purchased from Sigma-Aldrich and dried before use.

Polyethylene terephthalate (PET) membranes (Hostaphan RN 12,
Hoechst) of 12 um thickness were irradiated at the GSI Helmholtz
Centre for Heavy Ion Research (Darmstadt) with single swift heavy ions
(gold ions of kinetic energy of 11 MeV per nucleon). Subsequently, ion-
tracked PET membranes were further exposed to soft UV light from
each side for 15 min to sensitize the latent tracks for the etching process.
The UV lamp used for irradiation of PET membranes was homemade
and equipped with T-30 M UV-B fluorescent tubes purchased from
Vilber-Lourmat, Germany. The power consumption of the tube is 30 W
and gives UV—B light of wavelength 312 nm (280—380 nm).

2.2. Fabrication of Cylindrical Nanopores. The cylindrical
nanopores in polymer membranes were fabricated through symmetric
track-etching technique in which the etchant can attack and dissolve the
latent ion tracks in polymer membrane from both sides. The etching of
latent ion track was carried out in a double-walled isothermal bath at 50
°C, which was half-filled with aqueous 2 M sodium hydroxide (NaOH)
solution. The temperature of etching solution was maintained at 50 °C
by a circuit of water flowing through the double walls of the beaker. The
sensitized ion-tracked polymer membranes were first fixed in the sample
holders. Then this sample holder with membranes was immersed in the
preheated etching bath. The etching of the samples was carried out for
preset time according to the required pore diameter. Moreover, the
concentration of the solution and the temperature in the vicinity of the
ion-tracked polymer membranes were kept approximately constant
throughout the whole etching process because of constant stirring of the
etchant. After the etching, the sample holders along with etched polymer

membranes were taken out from the etching bath and rinsed several
times with deionized water.

2.3. Electroless Plating of Track-Etched Nanopores. Prior to
electroless plating, silver nanoparticle seeds were introduced by
immersion of the PET membrane having a single cylindrical pore in a
sensitization solution (42 mM SnCl, and 71 mM trifluoroacetic acid in
methanol/water = 1:1), followed by washing with ethanol and
application of an activation solution (59 mM AgNO; and 230 mM
NH, in water).*? Sn(II) adsorbed onto the membrane surface reduces
the Ag(I) in the activation solution, leading to the precipitation of Ag
nanoparticles. During this reaction, the initially colorless membranes
turned slightly brownish. After activation, the PET membrane was
covered with gold using an electroless plating bath optimized for the
deposition of homogeneous, thin nanoscale films.*® Briefly, the plating
bath consisted of formaldehyde (reducing agent), sulfite (excess ligand),
disulfitoaurate (gold source), and 4-(dimethylamino)pyridine (auxiliary
reagent). Gold nanofilm deposition was indicated by a shift of the
membrane color to dark blue.

2.4. Synthesis of Thiol-Terminated PNIPAM. S-1-Dodecyl-S-
(a,’-dimethyl-a”-acetic acid)trithiocarbonate (DMP) was synthesized
following the previously reported procedure.”’ For the reversible,
addition—fragmentation chain transfer (RAFT) polymerization, N-
isopropylacrylamide (1.50 g, 13 mmol), DMP (48.3 mg, 0.13 mmol) asa
chain-transfer agent (CTA), azoisobutyronitrile (2.2 mg, 0.013 mmol)
as an initiator, and 2 mL of dioxane were added to a Schlenk tube
following a previously described method.”> The oxygen was exchanged
by nitrogen by applying three freeze—pump—thaw cycles. The mixture
was then stirred in an oil bath at 70 °C overnight. The reaction mixture
was precipitated three times in hexane/tetrahydrofuran (THF) mixture
and dried under reduced pressure to yield a yellow powder as PNIPAM-
CTA.

PNIPAM-CTA: Yield: 48% as yellow powder; molecular weight:
M,(NMR) = 5900 g mol™!, M,(GPC) = 5300 g mol ™", polydispersity
index (GPC) = 1.22; UV—vis: absorption at 310 nm.

The thiol-terminated PNIPAM (PNIPAM-SH) was obtained by
aminolysis of the trithiocarbonate end group of the PNIPAM-CTA with
hexylamine in the presence of tributylphosphine in a molar ratio of 1:5:1.
The reaction was performed in THF, whereas the reaction mixture was
stirred for 3 h at room temperature. The color of the reaction mixture
turned from yellow to colorless indicating the successful reaction, which
was also confirmed by UV—vis spectroscopy, where a complete loss of
the absorption at 310 nm was observed.

PNIPAM-CTA: Yield: 93% as colorless powder; molecular weight:
M,(GPC) = 6150 gmol ™!, PDI(GPC) = 1.23; UV—vis: no absorption at
310 nm.

2.5. Functionalization of Au-Coated Nanopores. The chem-
isorption of polymer chains on the single Au nanotube was achieved via
thiol chemistry. For this purpose, solutions of thiol-terminated
PNIPAM-SH (3 mg/mL) and thiol-terminated PVP-SH (3 mg/mL)
were prepared in anhydrous ethanol, separately. Then, the polymer
membrane with the single Au nanotube was fixed between the two
chambers of a conductivity cell. The right compartment was filled with a
solution of PVP-SH, while the left one contained the PNIPAM-SH
solution. The chemisorption was carried out for 20 h at room
temperature. Then the functionalized Au-coated pore was washed
several times with ethanol followed by deionized water for the removal
of physically adsorbed polymer molecules. Figure 1 shows a simplified
scheme for the functionalization of the single cylindrical Au-coated
nanopore.

2.6. Measurement of Current—Voltage (/-V) Curves. The
single Au-coated pore membrane (unmodified and modified) is
characterized by measuring the I—V curves. To this end, the membrane
is clamped between the two halves of an electrochemical conductivity
cell. The electrolyte (0.1 M KCI) solution was prepared in a phosphate
buffer (10 mM, pH = 7.5). The pH of the acidic solution, pH = 2.8, is
adjusted with dilute HCL. The corresponding electrolyte solution was
filled on both sides of the membrane. An Ag/AgCl standard reference
electrode was placed into each half-cell solution, and the ionic current
flowing across the membrane was measured with a picoammeter/
voltage source (Keithley 6487, Keithley Instruments, Cleveland, OH).
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Figure 1. Simplified scheme for the functionalization of a single
cylindrical Au-coated nanopore and the charged states of poly(4-
vinylpyridine) chains at different pH conditions.

I-V curves were recorded by applying a scanning triangle voltage signal
from —2 to +2 V across the membrane.

3. THEORETICAL MODEL

The steady-state ionic transport through the nanopores has been
analyzed theoretically in terms of a continuous model based on

the Poisson—Nernst—Planck (PNP) equations.>"

V2¢ = _E iCi
€ Z,: ) (1)

- F
Vi = —V-[Di(Vci + ziciEqu)] =0 @

where z, ¢(x), D, and 71‘ are, respectively, the charge number,
local concentration, diffusion coeflicient, and flux density of ion i,
respectively. The F and R terms are the Faraday and universal gas
constants, T is the absolute temperature, ¢(x) is the local electric
potential, and ¢ is the electrical permittivity. Numerical
integration of eqs 1 and 2 gives the ionic flux densities, the
total electric current I, and the profiles of ionic concentrations
and electric potential through the nanopore at an applied voltage
V and fixed external concentrations. The ground electrode is
placed on the left solution, and positive currents flow from the
right to the left solution as shown in Figure 2. It has been
assumed that the external solutions are ideal and perfectly stirred
and that the whole system is isothermal and in steady-state. In eq
2, the contribution from the electro-osmotic flow (EOF) was
ignored as a first approximation. Although this contribution can
be noticeable in certain cases,”>** recent studies have
demonstrated that EOF can be ignored in synthetic pores
analogous to those studied here.*>*® Indeed, simple order of
magnitude estimations reveal that the EOF can be safely ignored
in our experiments and do not seem to be responsible for the
high rectification ratios observed here. Moreover, increased
viscosity effects caused by the brush chains occluding a significant

Control experiment: As-prepared Au-coated pore
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Figure 2. Experimental and theoretical =V curves for the as-prepared Au-coated cylindrical pore. The cartoons describe the different experimental
conditions considered. (a) Experiments and (b) theoretical results for the pH configuration 2.8|2.8. (c) Experiments and (d) theoretical results for pH
7.5]17.5. (e) Experiments and (f) theoretical results for pH 2.8||7.5. The curves are parametric in the temperature.
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part of the pore can decrease even further the water convective
movement through the pore.

The theoretical model considered is simple, but it can explain
most of the experimental results found, as we will show later.
Furthermore, the PNP model used has become the standard
theoretical formalism in the field and has been applied previously
to describe the ionic transport in pores with a variety of shapes
and fixed charge distributions;>**>**>% further details about
the numerical procedure used here can be found elsewhere.’

4. RESULTS AND DISCUSSION

To homogeneously cover the ion-track etched membrane with a
thin gold film, an electroless plating reaction optimized for
nanomaterial fabrication was applied. As shown before,*® this
reaction leads to a highly surface-conformal deposition of small
gold nanoparticles even on complex shaped substrates with
extended inner surfaces, as required in the present case.

Figure 2 shows the experimental and theoretical I-V curves
for the as-prepared Au-coated cylindrical pore at the indicated
pHy||pHy configurations and temperatures. The electrolyte
concentration is ¢ = 0.1 M KCl. The experiments at the pH
configuration of 2.8|2.8 (Figure 2a) allow for the estimation of
the pore radius a. We assume that the CI~ ions do not adsorb on
the Au pore walls at this pH value.”’ Figure 2b shows the
calculated curves using a = 10 nm and the surface fixed charge
density o = 0 ¢/nm? in the theoretical model. To account for the
effects of temperature, we included the electrolyte conductivity
increase in the interval of 22—39 °C, assuming in the calculations
a 1.5-fold increase in the diffusion coefficients of the ionic species
over this temperature interval.>®

Figure 2c shows the experimental results for the case of pH
7.5|17.5. The currents are higher than those of Figure 2a because
of the adsorption of CI™ ions on the Au pore walls.”” The linear
characteristics of the I-V curve indicate that the adsorption of
CI” is homogeneous throughout the nanopore. Since the pore
radius was determined in the previous experiment, the only free
parameter in the theoretical model is the surface charge
concentration. Figure 2d shows the calculated I-V curves
using a = 10 nm and 6 = — 1.5 ¢/nm? which is within the range of
the values found in multipore membranes.”® The calculations
reproduce the experimental trends including again the increase of
the solution conductivity in the interval of 22—39 °C. The
experimental results for pH 2.8]|7.5 (Figure 2e) show
rectification now, with high and low conducting states at V > 0
and V < 0, respectively.

A close inspection of the curves reveals that for V' > 0, the
results of Figure 2e are very similar to those of the case pH
7.5|17.5 in Figure 2c. For V < 0, the experimental points of Figure
2e resemble those of pH 2.8||2.8 in Figure 2a. This result can be
explained as follows. For V' > 0, the applied electric field prevents
the entrance of H* ions from the left solution into the pore
(Figure 2e). The pH of the inner pore solution is approximately
neutral, the CI” jons adsorb on the Au pore wall, and the pore
shows currents close to the case of pH 7.5|7.5 in Figure 2c. For V
< 0, the external electric field drives the H* ions into the pore.
The pH of the inner solution becomes acidic, the Cl™ ions do not
adsorb onto the Au wall, and then the pore behaves as in the case
of pH 2.8|2.8 of Figure 2a. Figure 2f shows the theoretical
predictions considering this assumption. The good agreement
between the experiments and the calculations (Figures 2b,d,f)
gives strong support to our assumptions. Since the I-V curves
are measured using a triangle wave with alternating V> 0and V <
0 half periods,' the adsorption—desorption processes of Cl

ions on the pore walls are reversible. We conclude also that the
application of a pH gradient between the two solutions separated
by the nanopore does not lead to the formation of a gradual
hydrogen concentration change across the inner pore solution.
On the contrary, the results suggest that the H" ions enter or
leave the pore solution depending on the polarity of the applied
voltage.

Figures 3—7 show the results obtained for the Au-PNIPAM-
PVP modified pore. The PNIPAM and PVP chains decorate the
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Figure 3. Experimental (a) and calculated (b) I—V curves of the Au-
PNIPAM-PVP modified nanopore for the pH configuration of 7.5||7.5.
The curves are parametric in the temperature.

left and right sides of the pore, respectively, as indicated in the
cartoons describing the different pore configurations. As
mentioned above, the PVP chains are in a swollen, positively
charged state at acidic pH and in a collapsed, neutral state at pH
values around the neutral value. The PNIPAM brushes exhibit a
swollen state at 23 °C, and a collapsed state at 39 °C, remaining
uncharged at all pH and temperature values. Therefore, the pore
displays a nonuniform fixed charge distribution, with a neutral
region on the left side and a neutral or positively charged right
region, depending on the pH value of the inner solution. To
describe this charge distribution, we have assumed that the
surface charge density varies with the axial coordinate x following
a smooth step function:*

%

o(x) =

=) 1 + exp[—2k(x — x,)] (3)

Parameter k is defined as

1 1
k= —g Iog[tanh(;)] @

where § is a characteristic length describing the step thickness.
Equation 3 gives 0 & 0 for x < x, and 6 & 0, for x > x,,. This
surface charge density is directly related to the volume
c03nlcentration X of fixed charges in the soft brushes according
to

_ 20

=4 (s)
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PNIPAM-PVP modified nanopore for the pH configuration of 2.8||2.8.
The curves are parametric in the electrolyte concentration. (c)
Experimental values of the rectification ratio at V = 1 V vs electrolyte
concentration.

This equation incorporates the effect of the fixed charges in the
polymer brushes and can be used in the PNP framework
provided that the convective flow is ignored.

Figure 3 shows the I-V curves of the Au-PNIPAM-PVP
modified pore at pH 7.5||7.5. The experimental curves of Figure
3a show a small current rectification, with high and low
conducting states at V' < 0 and V > 0, respectively, contrary to
the case of the as-prepared (unmodified) Au pore at pH 2.8||7.5
(Figure 2e). This fact suggests that, after modification, the right
side of the pore displays a residual positive charge. It can be
concluded also that the PNIPAM and PVP chains cover a
significant part of the inner surface of the pore, preventing thus
the adsorption of CI™ ions on the Au walls. The theoretical curves
of Figure 3b were calculated using 6, = 0.05 ¢/nm?, x, = d/2 (d is
the pore length), § = d/20, and a = 18 nm in the theoretical
model (note that the sample used in Figures 3—7 was different
from that of Figure 2). The effects of temperature were taken into

account assuming again a 1.5-fold increase in the diffusion
coeflicients of the ionic species over the interval of 22—39 °C.

It has been reported before that conical pores modified with
PNIPAM brushes show noticeable increases of the conductance
and the ICR with temperature because of the increase in the
effective pore diameter that results from the conformational
transition of the PNIPAM brushes into a more compact
state.*>®! However, the theoretical results of Figure 3b reproduce
the experimental trends without invoking any temperature effect
on the left part of the pore other than the increase of the specific
electrolyte conductivity. This result is because the present pore
radius (18 nm) is significantly higher than the tip radii of the
conical pores previously reported (4—7 nm).*>" Therefore, the
effects of temperature on the PNIPAM chains are small for the
pores studied here, and further measurements at 39 °C will not
be presented.

Figure 4 shows the results obtained with the Au-PNIPAM-
PVP modified pore at pH 2.8||2.8. The experimental I-V curves
(Figure 4a) are parametric in the electrolyte concentration. At
this pH configuration, all the PVP chains in the right part of the
pore are positively charged. The pore displays a high resistance
for V' > 0, when the electric current enters the positively charged
end, and a lower resistance for V < 0, when the current enters the
neutral end (see insets). As expected, the electric current
increases with the electrolyte concentration at a fixed voltage
because of the increase in the mobile carriers of the solution
inside the pore. Figure 4b shows the calculated curves for ¢, = 1
e/nm? xy = d/2,6 = d/20, and a = 18 nm. The theoretical results
follow qualitatively the experimental data, and the agreement
could be improved further by changing slightly the values of x,
and §, but these model parameters are not experimentally
accessible. The high rectification ratios observed (Figure 4c)
constitute the most interesting feature of this pH configuration.
The cylindrical, approximately symmetric pore (see Figure 2a)
presented here displays high rectification ratios while maintain-
ing a high ionic selectivity because of its relatively small radius.

The PNP model can explain also the high current rectification
ratios observed. The pore region decorated with neutral
PNIPAM behaves as a diffusion boundary layer (DBL)
juxtaposed in series with the positively charged pore region
containing the PVP chains. For negative voltages (Figure Sa,b),
the mobile carriers accumulate at the PNIPAM||PVP interface
(Figure Sa), and most of the applied voltage falls in the bulk of
the entire pore. The mobile carrier concentration increases with
the negative voltage and, as a result, the current increases rapidly
for these voltages. For positive voltages (Figure Sc,d), the
PNIPAM||PVP interface becomes depleted of mobile carriers
(Figure Sc), the pore resistance increases, and the current attains
a limiting value. In this case, most of the applied potential drops
at the PNIPAM||PVP interface (Figure Sd). The limiting current
attained increases with the electrolyte concentration, and the
rectification ratio decreases accordingly, as shown in Figure 4c.

Figure 6 shows the results obtained with the pH configuration
0f 2.8]|7.5. In this case, the PVP chains in contact with the neutral
solution are expected to be in a collapsed, neutral state. However,
the experimental I-V curve (Figure 6a) shows still rectification,
with a high conduction state analogue to that of the case pH
2.8]|12.8 for V < 0, and a low conduction state for V > 0, with
currents close to those of the case pH 7.5||7.5. This curve can be
explained using similar arguments as in the case of the as-
prepared Au nanopore (Figure 2e), assuming that for V < 0
protons can diffuse from the left solution and reach the PVP
region, giving rise to a positively charged region at the right side
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Au-PNIPAM-PVP pore. Acidic pH

Profiles of ionic concentration and electric potential
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chains, as in the case of pH 7.5||7.5. Figure 6b shows the
theoretical results obtained using the same parameters as in the
case of pH 2.8]|2.8 for V < 0 and in the case of pH 7.5||7.5 for V>
0. The results are again in good agreement with the experiments,
which gives support to the assumption that the H' ions enter or
leave the entire pore solution depending on the polarity of the
external voltage.

The effect of pH gradients on the ICR has been previously
investigated in cylindrical nanopores,®> conical nanopores,” and
biological ion channels®* with pH-sensitive fixed charges. In
these cases, it was found that the pH gradient established
between the two surrounding solutions gave place to non-
homogeneous fixed charge distributions along the pore. As a
result, the rectification ratios observed under asymmetric pH
conditions were noticeably higher than those corresponding to
the symmetric pH case. In our experiments, however, the
rectification ratio for 0.1 M KCl solutions and V =1V decreased
dramatically from r = 110 for pH 2.8|2.8 to r = 7 for pH 2.8]|7.5
due to the increase of the electric current for I > 0 at pH values
close to neutrality within the pore solution.

Figure 7 shows the results obtained with the case of pH
7.5|12.8. Now, the right side of the pore is in contact with the
acidic solution, and the PVP chains are expected to be in a
swollen, positively charged state. For V' > 0, the experimental -V
curves (Figure 7a) show a low conducting state practically
identical to that of the case of pH 2.8|2.8. This result can be
explained again assuming that the electric field drives the protons
from the right solution into the pore. For V < 0, we observe a high
conducting state, with currents lower than those found in the pH
2.8]|2.8 case. The electric field removes part of the protons from
the PVP region, leading to a decrease of the positive fixed charge
as well as an increase of the transition region at the
PNIPAM||PVP interface. Now, this decrease of the negative
currents while maintaining constant the positive ones is
responsible for the decrease in the rectification ratio observed
in the pH 7.5]|2.8 configuration. In our case, the experiments of
Figure 7a give r & 52 at V=1V (less than one-half of the value r ~
110 obtained in the symmetrical case of pH 2.8]|2.8). The
theoretical curve of Figure 7b was obtained using ¢, = 0.7 ¢/nm?,
0 =d/6, for V < 0, and the same parameters as in the case of pH
2.8||2.8 for V> 0. Note the good agreement between theory and
experiments, showing once again that the model explains the
observed experimental trends. In particlular, the theory can
explain the high rectification ratios obtained, which are promising
for applications concerning pH sensing and chemical actuators.

5. CONCLUSIONS

We have presented a thorough experimental and theoretical
analysis of a new Au-PNIPAM-PVP modified cylindrical
nanopore. Despite the approximately symmetrical pore shape,
the device exhibits high rectification ratios on the order of r = 100
at low and intermediate electrolyte concentrations. These results
were based on the ionic enrichment and depletion processes
occurring at the transition zone of the non-homogeneous fixed
charge distribution through the pore, which incorporates neutral
and positively charged regions juxtaposed in series. The
experimental characterization includes the effects of temperature,
adsorption of chloride ions, electrolyte concentration, and pH of
the external solutions. The results obtained were explained in
terms of a theoretical continuous model providing a detailed
account of the ionic concentration and electric potential axial
profiles through the pore. Remarkably, the combination of well-
established chemical procedures (thiol and SAM formation

chemistry, electroless plating, ion-track etching) and physical
models (two-region pore and Nernst—Planck equations) permits
the obtainment of a highly rectifying pore, which could be scaled
up to multipore membranes of potential interest for pH sensing
and chemical actuators.
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